~oph
A

O ".

REPORT

NASA CR-46

SUNFLOWER SOLAR COLLECTOR

Prepared under Contract No. NAS 5-462 by
THOMPSON RAMO WOOLDRIDGE, INC.
Cleveland, Ohio

for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

WASHINGTON, D. C.

MAY 1964



SUNFLOWER SOLAR COLLECTOR

This paper is photographically reproduced
from copy supplied by contractor.

Prepared under Contract No. NAS 5-462 by *
THOMPSON RAMO WOOLDRIDGE, INC.
Cleveland, Ohio
for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

For sale by the Office of Technical Services, Department of Commerce,
Washington, D.C. 20230 -- Price $3.00



TABLE OF CONTENTS

1.0 INTRODUCTION .

2.0 SUMMARY

3.0 COLLECTOR SPECIFICATION
3.1 CONTRACT SPECIFICATION

W o o W
P e b b et
S IS U TR

Mission . .
Operating Life .
Envelope .
Launch Env1ronment
Space Environment . , .

3.2 CONVERSION SYSTEM REQUIREMENTS

3.

W wwowowow
N NNDNDNDNDN

[

DA W

.7

Concentrator Geometry .
Receiver Geometry . .
Concentration Ratio. . .
Collector Performance .
Stowage and Deployment
Concentrator Structure .
Weight

3.3 DESIGN SPECIFICATION REVISIONS .

4.0 ANALYTICAL INVESTIGATIONS
4.1 PERFORMANCE ANALYSIS
4.1.1

4.1.2
4.1.3

4.2 ENVIRONMENTAL ANALYSIS .

4.2.1
4.2.2
4,2.3

Concentrator Performance

4.1.1.1 Combined Surface Errors . .
Analytical Models of Surface Dev1atlons .

Performance .

Receiver Performance .
Combined Collector - Receiver Performance

Launch Environment Analysis .
Vibration Analysis . . .
Deployment Analysis .

iii

4,1.1.2 .
4.1,1.3 Measured Surface Deviation Characteristics .
4.1.1.4 Calculated Flux Profile in the Focal Plane .
4.1,1.5 Predicted and Measured Concentrator

Page

M 0O~ =Q=I=TDOD D G > (X}

©

11

11
11
12
19

19

24
33

36

36
36
39



5.0

6.0

TABLE OF CONTENTS (Continued)

Deployed Paraloloidal Position Structural Analysis.
Orbital Thermal Environment Investigation .

Ll
L
[

2.5, Transient Temperature Characteristics .

Steady State Temperature

Thermoelastic Structural Analysm

Effects of Thermal Distortion on Optical

Performance . . . .

4.2.5.5 Thermal Environment Investlgatxon Supportlng
Test Description

4.2.5.6 Summary of Thermal Dlstortlon Control Concepts

and Associated Design Consideration for the

Sunflower Solar Collector

W N

4.
4.2.5
4.2.5.
4.2.5

4.2.6 Collector Materials Space Environment Reliability .

COLLECTOR DESIGN

5.1 COLLECTOR STRUCTURAL DESIGN .
5.2 STOWAGE AND DEPLOYMENT DESIGN CONCEPT
5.3 S COMPONENT DESIGN .

Sector Design .o
Hinge-Torsion Spring De51gn
Lock Design .

Center Mounting ng Des1gn
Stacking Ring Design .

UB-
.3.
. 3.
.3,
.3.
. 3.
.3. Vibration Isolation Design .

010101010101
O'JCH)#OJNH

5.3.6.1 Stowed Vibration Isolation Design . .
5.3.6.2 Deployed Position Vibration Isolation Des1g'n .

WEIGHT CONSIDERATIONS IN THE COLLECTOR DESIGN .
REFLECTIVITY CONSIDERATIONS
5
5
5

o o
[ -

L
.5.1 Surface Improvement . . . .
.5.2 Reflective and Transparent Coatlng
5.3 Summary of Reflectivity Investigations .
COLLECTOR FABRICATION .
6.1 SECTOR ADHESIVE BONDING .

6.1.1 Tooling . .
6.1.2 Sector Fabrication Process

iv

Page

39
42

42
47
49

57

60

69
71

74

74
74
79

79
79
82
87
87
87

89
89

89
92

92
100
100
102
102

102
106




7.0

8.0

TABLE OF CONTENTS (Continued)

SURFACE IMPROVEMENT COATING .. .

REFLECTIVE AND TRANSPARENT COATING VACUUM .

DEPOSITION EQUIPMENT AND PROCESS . . . . .

6.4 PREPROTOTYPE COLLECTOR FABRICATION TECHNIQUE
DEVELOPMENT . .

6.5 PREPROTOTYPE COLLECTOR ASSEMBLY

o
w

INSPECTION AND OPTICAL TESTS .

7.1 GENERAL COMMENTS ON OPTICAL TESTING . .
7.2 TEN FOOT DIAMETER COLLECTOR MODEL OPTICAL

. INSPECTIONS .
7.3 SECTOR INSPECTION

7.3.1  Types of Surface Deviations . . . .
Sector Optical, Inspection Facility Descrlptlon

Sector Optical Inspection Results .
Honeycomb Markoff Inspection Results . . . . . . .
Reflective Coating Results .

B G R R
Lo W ow
S R XY

7.4 OVERALL GEOMETRIC QUALITY OF THE SUNFLOWER
SOLAR COLLECTOR .

DEVELOPMENTAL TESTING .

8.1 PERFORMANCE TESTING
8.1.1 Single Panel Performance Testing .

8.1.1.1 Test Rig Description
8.1.1.2 Instrumentation .
8.1,1,3 Test Description and Results

8.1.2  Full Size Sunflower Solar Test Facility .

OPTICAL TESTS OF THE PREPROTOTYPE COLLECTOR .
ENVIRONMENTAL TESTING

8.3.1  Dead Weight Structural Testing
8.3.2  Collector Deployment Testing .

@ oo
(-3

8.3.2.1 Deployment Simulation Harness Description .

8.3.2.2 Deployment Test Instrumentation and
Procedure .
8.3.2.3 Deployment Test Results

Page
106
107

115
117
121
121
121
123

123
123
126
126
133

133

139
139
139

139
139
141

145

149
149

150
154

154

154
154



TABLE OF CONTENTS (Continued)

Page
8.3.3 Collector Vibration Testing . . . . . . . . . . . . .. 159
8.3.3.1 Stowed Collector Vibration Tests . . . . . . . 163
8.3.3.2 Deployed Collector Vibration Tests . . . . . . 170
8.3.4 Optical and Structural Effects of Environmental Testing . 176
8.3.4.1 Effects of Dead Weight Structural Testing . . . 176
8.3.4.2 Effects of Deployment and Vibration
Environments. . . . . .. . . .. .. ... 176
9.0 CONCLUSIONS . . . . . ¢ . v v v v v v v v e e v v v e e v v v . 183
10,0  RECOMMENDATIONS . . . . . . . & v v v v v v v v e e e v v v . 184
APPENDIXA REFERENCES . . . . . . . . . . . .. ... ... .... A1
APPENDIXB NOMENCLATURE . . . .. . . .. ... ¢ v .euv.o. B-1

vi




Ll
- -
[
-
W

L
[y
1
p—t
>

o
-
| B
[T
[=> 30

NN(\‘JN[}'JNNNH
W =3 O G WA ==

s

Lol o

N
= ©
=

4,2-11

4.2-12

LIST OF FIGURES

Sunflower System . . . . ... .. .. ... ......

Typical Concentrator Receiver Geometry . . . . . . . . . .
A Comparison of Surface Error Distribution Curves . . . . .
Paraxial Plus Profile Geometry . . .
Paraxial Plus Profiles Due to Specific Error Dlstrlbutxon

Curves . . .
Effects of Varlous Surface Error Models on Surface

Geometric Efficiency . . . . . e e e e e
Honeycomb Markoff Geometric Characterlstlcs
Comparison of Measured Distribution with Normal

Distribution Models . . . e e e e e e e e
Calculated Flux Profiles in Focal Plane e e e e e e
Relationship of @, too . . . e e
Predicted vs Measured Concentrator Performance

Hukuo-Mii Analysis.
Predicted vs Measured Concentrator Performance Normal

Distribution Surface Model . .
Effects of Misorientation on Concentrator Performance
Effects of Temperature on Receiver Retention Efficiency .
Effects of Receiver Surface Radiation Characteristics

on Retention Efficiency . . .
Effects of Receiver Surface Area on Retentlon EfflClency
Effects of Shade Time Reradiation on Receiver

Retention Efficiency. . e PN
Sunflower Concentrator Receiver Performance e e e e e
Collector Sector Stress Analysis Computer Program .
Axial Vibration Specifications .
Collector Vibration System Schematic
Sunflower Sector Kinetics .
Heat Transfer Characteristics of Compomte Sandw1ch Materlal
Orbit Geometry, . . . .
Transient Temperature Characterxstlcs - Or1g1na1 Concept . .
Transient Temperature Characteristics - Thermal Control

Design. . . . e e s .
Collector Temperature Gradlents at the End of the Sun Per1od
Collector Temperature Gradients at the Beginning of the

Sun Period. . .
Collector AT Through the Thlckness at the End of the

Sun Period, . . .
Collector AT Through the Thlckness at the Begmnmg

oftheSunPeriod. . . . . . . .« + . . ... .,

vii

Page

10
13
14

15

16
17

18
20
21

22

23
25
28

29
30

31
35
37
38
40
41
43
44
45

46
50

51

52

53




. .
UL I A A e L D L |

A 1OV O U W W W W W W W e

[SUNS I ) B S B ) B ) B ) B B RS B B S B ) B I
O WN IO U W MDNPM

t

.
IO U N =N

Page

Computed Thermal Distortion Modes, Single Sector Gridwork. . 55
Computed vs Measured Dead Weight Deflection . . . ... b6
Computed Thermal Distortion Surface Rotations from the

True Paraboloid . . . . . e « + s ¢« . . b8
Optical Quality of Thermally Dlstorted Collector e e s e s . . B9
Temperature Drop Test Set-Up Exploded Views. . . . . . . . 61
Composite Materials Heat Transfer Results . . . . . . . . . . 62
Adhesive Thermal Conductivity Test Rig . . . . . .« e .. . 63
Sandwich Material Thermal Distortion Test Schematlc -« . .« . 65
Sandwich Material Thermal Distortion Test Rig -

General View . . , . « o« s 4 s s+ . . 66
Sandwich Material Therma.l D1stort10n Test R1g -

Specimen View . . . . . e e« . . 67
Test I ~ Ribbon Perpendlcular to Length Deﬂectmn vs

Length and Deflection vs AT . . . . . e 1
Thermal Distortion Control Concepts Welght Comparison. . . . 70
Sunflower Concentrator Sandwich Material Cross Section . . . . 76
Geometric Relationship for Petaline Stowage. . . . . . . . . . 77
Collector - Receiver Geometry - Sunflower I System P £
Hinge and Torsion Bar Hardware. . . . (1]
Hinge and Torsion Bar Hardware (Dlsassembled) e e .. . 81
Combination Shock Absorber-Lock . . . . . . . . . . ... . 83
TypicalSector Lock. « © v v v v v v ¢ ¢ o o « « « « o « « . 85
Lock Detent . . . . . e e e e e e e e e s . e s . . 86
Viscous Damper Arrangement D - 14
Bottom View of Collector Bundle . . . . . c e e e e e e .90
Proficorder for Surface Quality Measurements S - I
Proficorder Roughness Graphs of Aluminum Foils, , . . . . . 95
Specularity Curves and Reflectometer Composite . . . . . . . 986
Specularity Curves for Various Surfaces . . . . . . . . . . . 97
Reflectance ve Wavelength. . . . . . . . . . . .. .. ... 98
Reflectance ve Wavelength, . . . . . . . . . ... .. ... 101
General View of Sector Fabrication Area . . . . . .« + . . 103
Environmental Test Group - Sunflower Sector Moldmg « ... . 104
Sunflower Collector Master Tooling Pattern. . . . . . . . . . 105
Vacuum System. . . . . . . ¢ ¢ v . 4 4 4 e e s s e . . . . 108
Filament Types . . . v v ¢ v v v v v v o o o o o o s+« o 110
Silicon Oxide Evaporator . . . . . . . . . . +« ¢« « + . « » . 110
Deposition Chamber Interior. . . . . . . . . . . . . .. . . 112
Glow Discharge with Shutter Open . ., . . . . . . . . . . . . 112
Temperature Distribution . . . B & & |

116

Relationship of Film Thickness to Observed Color Changes .

viii




Figure

z
Q

oo
CJ'IClIlUl
QO BN =

i

1

N NNNNNNNNNNaR

»»Awwwﬁnwwwwwm
WN = OO0 =00 W EHM=

8.1-1

® © o
p-ﬂ»rr—t
> W N

T
wn

!
O O~k WNRHE=I®

@ ® o ®m
p—
t

wwwwwciowcowww

1
[
(=]

)

L}
[ainy
[

Collector Assembly Area . . . .
Assembled Sunflower Preprototype Collector . . e e .
Sunflower Preprototype Collector-Stowed Position . . . . .

Collimated Light Source - Exploded View . . . e
Classification of Surface Deviations from the True Parab0101d
Single Sector Optical InspectionRig . . . . . . . . . ..
Projection Grid InspectionResults . . . . . . . . . . . .
Sector SPTR-1. . . . . . . e e e e e e e
Optical Inspection Results - Rad1a1 Dev1at10ns e e e e e e
Optical Inspection Results Circumferential Deviations .

Radial Deviations. . . . e e e e e e e e
Proficorder Trace of Honeycomb Markoff e e e e e e e e
Reflectivity Results. .

Individual Characteristics of Surface Dev1at10ns .
Combined Surface Deviations of the Sunflower Solar Collector
Distribution of Radial Angular Errors for the Sunflower Collector

Test Rig for Performance Testing of the Sunflower Solar
Collector . . . . . . v v v v v v v v v e e e e e e e
Focal Plane Image . . . . . . . . . . .
Temperature Plot in the Focal Plane and Temperature Proflle
Sunflower Collector, Solar Testing Results, Single
Panel Test Rig. . . .
Solar Collector Test Facﬂlty e e e e e . e
Fabrication of 40 Ft. Diameter Parab0101d Sector . . . . . .
Completed Segment of 40 Ft. Diameter Paraboloid. . . . . .
Dead Weight Test Arrangement. . . . . . . . « « ¢« « + « &
Dead Weight Deflection . . . . . . . . . . « . « . .
Deployment Harness Cahbratlon e e e e e e e e
Deployment Harness CalibrationData . . . . . . . . . . . .
Deployment Test Setup Prior to Deployment . . . . . . . . . .

Sunflower Collector Deployment Dynamics . . . . « . « + . .
Sunflower Collector Deployment Test No. 2 . . . . . . . .
Sunflower Collector Deployment Non-Symmetry . e
TRW 21,500 1b Sine and Random Shaker System . . . . . . . .
Stowed Collector Vibration Test Installation. . . . e e .

Sunflower Collector-Stowed Configuration Vibration Test
3/8/63 and 3/11/63, Profile of Actual Input "g"-Levels
at Component Mounting Pad . . .
Structural Support Rings, Mid Span Transm1s31b111ty
Sunflower Collector - Stowed Vibration Test 3/11/63,
Petal No. 13, Center X-X Axis . . . .. . . . . . « ..

Page

118
119
120

122
124
125
127
128
129
130
131
132
134
136
137
138

140
142
143

144
146
147
148
151
153
155
156
157
158
160
161
162
164

165
166

167




Figure

No.

8.3-14

8.3-15
8.3-16

Sunflower Collector ~ Stowed Vibration Test 3/11/63, Petal

No, 13, Center Z-Z Axis . . . . . .
Deployed Collector Vibration Test Insta.llation . e v e e e

Sunflower Collector - Deployed Configuration Vibration

Test, 3/14/63t03/16/63 . . . . . . . « . . . e e e e e

Sunflower Collector - Deployed Vibration Test,
3/14/63 to 3/16/63 - Sector Response at Mid Span

Axial Direction. . . . « . ¢ ¢ ¢ 4 ¢ ¢ ¢ ¢ o 4« o o 0 0 0

Sunflower Collector - Deployed Vibration Tests,

3/14/63 to 3/16/63 - Sector Response at Rim Axial Direction .
Optical Inspection Results - Dead Weight Testing. . . . . . . .

Radial Slope Changes - Dead Weight Testing. . . . . .
Optical Inspection Results Before and After Environment
Testing . . . . .

Radial Slope Changes - Environmenta.l Testing .........

Waviness Shape Change due to Environmental Testing . . . . .
X

Page

168
171

172

173

174
177
178




Table

No.

4.1-1

8.3-1

LIST OF TABLES

Receiver Study Parameters

Parametric Study Results .

Transient Heat Balance Characteristics. .
Computed vs. Measured Reactions and Stresses .
Adhesive Thermal Conductivity Test Results.
Solar Concentrator Materials Comparison.
Sunflower Collector Weight

Dead Weight - Structural Test Results

Stowed Vibration Resonance Points .

Cyclic Stresses at Resonant Points - Deployed Collector
Vibration e e e e e e

48

54

64

75

91

152

169

175




1.0 INTRODUCTION

The Sunflower system, illustrated in Figure 1.0-1, is a mercury Rankine cycle solar

~ powered engine. Solar energy is collected and focused on the boiler by the solar
collector. The boiler then transfers heat to the working fluid, mercury, Mercury
vapor flowing in the loop drives the turbo-alternator with the turbine exhaust flowing
through a radiator-condenser in which heat is removed, thus condensing and subcooling
the fluid, The condensate pump returns the liquid mercury to the boiler to complete the
cycle.

Collection of the solar energy is accomplished with a paraboloidal reflector in
combination with a cavity receiver,

The purpose of this report is to describe the analysis, design, and development of the
solar collector for the Sunflower system.,






2,0 SUMMARY A
20999

Based upon specified orbital missions and associated environments, a paraboloidal solar

concentrator was designed. The design was such that deployment to the final geometric
shape was accomplished from the Centaur vehicle nose cone volume.

A full size 32, 2 foot diameter collector composed of thirty deployable segments was
fabricated and assembled as a preprototype model for structural integrity investigations.

This preprototype collector was successfully deployed in a simulated zero gravity
environment. Also, environmental tests of launch vibration and orbital transfer
vibration and acceleration were conducted with no major structural damage. Optical
inspections of the paraboloid were performed to determine the effect of these environ-
mental loadings upon the optical quality. :

Single sectors of the collector were fabricated and reflective-coated in a specially
designed vacuum deposition facility, for optical and performance testing. Optical quality
of these preprototype segments was measured and compared with results of calorimetric
efficiency measurements using solar energy.

A full collector solar performance test facility was designed and built for combinations
of collector and collector-receiver testing and ultimately for full system testing.

MW



3.0 COLLECTOR SPECIFICATION

The specification to which the collector has been designed was established by virtue of

(1) the contract specification of power requirements and usage, and (2) conversion system
parametric considerations. o

The system parameters were initially viewed to provide the maximum conversion
efficiency where other trade-off factors such as stowage volume, weight, environment,
etc., must also be considered. Some modifications to the specifications are outlined

at the end of this section. All of the requirements of the collector specification and

only those system or component requirements as they affect the collector design are
included in this report.

3.1 CONTRACT REQUIREMENTS
3.1.1 Mission

The collector shall deliver a sufficient heat rate to the boiler/heat storage component so
that a useful power output of 3000 watts shall be obtained from the integrated system
when used between orbital altitudes of 300 to 20, 000 nautical miles or for a lunar
‘vehicle, Modifications to the collector shall be minimized for operation in the vicinity
of Mars or Venus.

3.1,2 Operating Life

The system shall be developed for ultimate attainment of 95% reliability for 1 year
missions.

3.1.3 Envelope

The collector and power conversion system shall be packaged in a volume comprised of
a 9.5 foot diameter by 8 foot long right circular cylinder topped by a conical section of
15° half angle. No reliance shall be placed on the nose fairing for mechanical support

of the power system.

3.1.4 Launch Environment

3.1.4.1 External power: None .
3.1.4.2 Temperature: 0° to 200°F
3.1.4.3 Pressure: 0 to 1l atmosphere

3.1.4.4 Relative humidity: 0 to 100%




3.1.4.5 Linear acceleration: 10 "g'" maximum along the longitudinal axis and 1 "g"
maximum lateral.

3.1.4.6 Vibration: 10 minutes between 20 to 2000 cps at .05 inch double amplitude or
10 "g" acceleration level, whichever is less.

3.1.4.7 Fairing separation: Stowed collector shall withstand aerodynamic loads and
stagnation temperatures after jettisoning of the fairing at an altitude of 400, 000 feet
minimum and a maximum velocity of 13,000 ft/sec at a flight angle of attack of up to
6 degrees,

3.1.5 Space Environment

3.1.5.1 Deployment: The collector shall be capable of automatic deployment to the
operating position upon a command signal.

3.1.5.2 Energy: The collector shall be capable of delivering sufficient energy to the
boiler/heat storage unit during a 60 minute sun phase (300 nautical mile orbit) to provide
continuous boiler operation during a 96 minute orbit period.

3.1.5.3 Pressure: The minimum value for cislunar and interplanetary space.

3.1.5.4 Linear acceleration during orbital transfer periods: Up to 1 'g" in any
direction for three periods of 5 minutes each. The collector need not meet performance
requirements during these periods but shall not sustain permanent performance deterio-
ration due to such conditions.

3.1.5.5 Linear acceleration during normal operation: 0.001 "g" continuous in any
direction.

3.1.5.6 Vibration: Vibration shall be the same as for launch environment except that
it will be for three 5 minute periods.

3.1.5.7 Rotational acceleration and velocity: Up to 1 degree/ sec2 and up to 10
degrees/sec about any axis during six periods of up to five minutes each. Three of
these periods may be simultaneous with the acceleration and vibration requirements
in 3.1.5.4 and 3.1.5.6. The remaining three periods of rotational orientation shall
be required with the collector in the open position.

3.1.5.8 Imertia loads: Zero "g" for most of life except for 3.1.5.5 during sun
orientation corrections.

3.1.5.9 Meteoroid, Van Allen radiation, and cosmic radiation consistent with the
latest scientific data.



3.1.5.10 Orbital transfer: Transfer period shall not exceed 5 minutes while in the
sun phase of a 300 nautical mile orbital. Transfer periods during the shade phase may
be longer. Collector shall be in the open position during transfer periods.

3.1.5.11 Collector re-stowage: The collector shall not be required to re-stow after
it is once deployed to the open position.

3.1.5.12 Performance: The collector shall maintain performance to meet mission
requirements after exposure to launch, deployment, orbital transfer, and stabilization
environments. The collector shall meet the performance requirements while exposed
to the orbital space environment.

3.2 CONVERSION SYSTEM REQUIREMENTS

A complete evaluation of system parameters to select the optimum trade-off in collector
design was not available at the time of the Sunflower proposal effort. The optimum
design has since been more substantially established. However, there are still some
parameters, such as sun orientation limits or allowable conversion system weights,
which are not well defined and could have a considerable effect on the optimum collector
design. The specification as it initially existed is listed in this sub-section. Changes
as a result of the program efforts will be discussed in the subsequent sub-section.
Justification for the specification as initially and presently stated will be discussed
throughout the body of this report, and reference shall be to the specification and any
changes that have been made.

3.2.1 Concentrator Geometry

2
3.2.1.1 Type: Paraboloid, having the equation of R = X (in inches)

816
3.2.1.2 Outside diameter: 32.2 feet for the near earth distance from the sun.
3.2.1.3 Inside diameter: 9.2 feet
3.2.1.4 Focal length: 17.0 feet
3.2.1.5 Rim angle: 50° 41'

3.2.1.6 Intercepted area to solar flux: 747 ft 2

3.2.2 Receiver Geometry

3.2.2.1 Type: Cavity

3.2.2.2 Shape: Spherical segment of 1.4 ft radius with center displaced from the
focal point to reduce reflection losses.

3.2.2.3 Aperature diameter: 1.2 ft




3.2,3 Concentration Ratio

3.2.3.1 Nominal area concentration ratio, (312—'22) : 720
D 2. D12
3.2.3.2 Actual intercepted area concentration ratio, -i-—z— : 660
D
a

3.2.4 Collector Performance

3.2.4.1 Concentrator efficiency: 73.6% at.
Reflectivity: 0.92
Solar misorientation: 3/4° max
Surface slope deviation: * 1/2° max
Surface translation deviation: I 1 inch max
Solar constant: 130 watts/ft>

3.2.4.2 Receiver efficiency: 90.3%

3.2.4.3 Overall collection efficiency: 66, 5%

3.2.5 Stowage and Development

The concentrator ghall be stowed in the envelope defined in a petaline manner.
Deployment upon achieving orbit shall be as follows:
3.2,5.1 A restraining hoop shall be severed upon command.

3.2,5.2. Preloaded torsion bar springs in each petal hinge shall accelerate the petals
toward the open position.

3.2.5.2 The petals shall be decelerated to and locked in the open position by a locking
device at the petal tips.

3.2.6 Concentrator Structure

The materials and construction of the petals shall be of adhesive bonded aluminum
honeycomb sandwich. The dimensions and fabrication of face, core, and sandwich
cross section shall provide the concentration efficiency defined in Section 3. 2. 4.1,




3.2.7 Weight

The entire cogcentrator, including actuation and lock devices, shall be 186 pounds or
0. 25 pound/ft” of intercepted solar flux area.

3.3 DESIGN SPECIFICATION RE VISIONS

During the course of the development program, there have been some interim changes
in the contract specifications, as well as basic revisions in the detailed design due to
parametric optimization derived from developmental investigations.

The major revisions are in environmental loading conditions where the lateral
acceleration was changed from 1 "g'" to 3 ''g'". Also, the following suggested revisions
to the vibration specifications have been investigated during environmental testing:

Sinusoidal Axial (z-z) Lateral (x-x and y-y)
1 - 2 cps ~— 2.5 s.a.
2 - 4 cps —— 0.625 8. a.
4 - 8 cps 0.30 s.a. 0.155 s. a. .
8 - 16 cps 2.0 "g" 1.0 "g" (4.5 minutes)
16 - 64 cps 2,5 "g" (4. 5 minutes) 2.0 "g"
64 - 512 cps 5.0 '"g" 2.0 "g"
512 -2056 cps 7.5 "g" -—
logarithmic sweep, two octaves per minute
Random: Axial Lateral
0.033 "g" 2/cps 0,017 "g" 2/cps
15 - 2000 cps g 5.5 Minutes 5.5 Minutes
Acoustic (white noise) Total
20 - 9600 cps 155 db

(Progressive wave)

Some of the major changes in the system requirements which resulted from parametric
studies are discussed in Section 4. 1. 3.

In January 1962, a NASA redirection of the Sunflower program occurred which had a
significani effect upon the design objectives of the preprototype collector. At that time,
it was decided to freeze the design of the major system components. Since the collector
project was in the process of optimizing tooling and fabrication processes to meet
geometric quality, it was decided to relax the optical quality specifications for the
preprototype design and investigate primarily structural integrity.




4.0 ANALYTICAL INVESTIGATIONS

Analytical investigations of the Sunflower system were conducted during the course of

the development program. Performance of the paraboloidal concentrator in combination
with the cavity receiver was analysed to establish and optimize basic geometric, optical,
and thermal design parameters. Investigation of environmental requirements were
conducted to establish structural design criteria and to insure long life space compatibility.

4.1 PERFORMANCE ANALYSIS

The solar energy collection performance for the Sunflower system has been separated
into concentrator and receiver (absorber) performance for two reasons. First, it
allows analysis of the concentrator and receiver as components; thereby, the specific
design parameters may be evaluated more easily and effectively. Second, it allows
convenience in testing, especially for the concentrator. The following efficiency
factors are thus defined * (See Figure 4.1-1):
Q
] = —Q (4.1-1)
Qi

R

The concentrator and receiver efficiency factors are functions of the following
parameters;

"o, = £(48,9,0Ra) (4.1-2)
uF A ”T4

. = a - r 5 8 (4.1-3)

R sa quc"c

The concentrator efficiency cannot be conveniently expressed in one equation because

of the difficulty in integrating the geometric, surface deviation, and solar misorientation
effects. However, as will be shown in Section 4. 1. 2, the influence of these parameters
can be determined through the use of several families of curves. Equation 4.1-1 can
then be expressed as:

® Fr As v TB4
” = 1' a bad (4' 1-4)
CR C sa g AC
Finally, the overall power conversion system efficiency is;
L s - "g TcR (4.1-5)

*Symbols are explained in Appendix A, Nomenclature
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A more detailed discussion on collector performance is given in a TRW publication.4

4.1.1 Concentrator Performance

The concentrator efficiency is difficult to evaluate because of the need to know detailed
surface dispersion characteristics. Ina large multi-piece construction, deviations
from a true surface are caused by:

a. Surface finish imperfections

b. Reinforcing structure mark-off

c. Panel fabrication errors

d. Concentrator assembly deviations
e. Concentrator deployment inaccuracy

f. Thermal distortion
4.1.1.1 Combined Surface Errors

The concentrator efficiency is a function of the maximum cumulative surface error and
the distribution or probability of occurrence for these cumulative surface errors for the
entire concentrator. The first property can be obtained by measuring the individual
surface errors and summing the maximum values. However, the distribution of these
combined errors is difficult to determine. Knowing the maximum surface error
categorizes the concentrator, but knowing the distribution curve allows accurate
prediction of performance. Unfortunately, the distribution curve cannot be determined
accurately until a complete concentrator is built and thoroughly inspected. The charac-
teristics of the errors due to petal fabrication, assembly, deployment, and thermal
distortion can also vary significantly from one area of the concentrator to another.
Such characteristics make computation of concentrator performance complex, even
after a convenient method of mathematically expressing the errors is developed. A
technique has been developed for computing the flux distribution in the focal plane 15
Several other methods, generally using various models of surface deviations to predict
the performance of paraboloidal solar concentrators, have also been proposed, 17, 23

4.1.1.2 Analytical Models of Surface Deviations

In order to illustrate the influence of slope error distribution on the flux profile, several
analytical models of surface error distribution which have been proposed or observed
for paraboloidal collectors will be discussed. However, to avoid unnecessary compli-
cation, the cases will be treated separately and independent of the geometry of the
paraboloid. Also, the distribution of non-parallel rays from the sun is treated inde-
pendently by considering it as an equivalent surface deviation.

11




Figure 4.1-2 shows the curves of various analytical models and the measured Sunflower
error distribution for comparison, where equal error population and equal maximum
errors are assumed. Note that they differ considerably. If the paraxial profile, as
defined in Figure 4.1-3, produced by these cases is calculated, the profile in Figure
4.1.4 result. From the profiles, the paraxial concentrator efficiency ( 7, ,) versus
aperture diameter (d ) is obtained and plotted in Figure 4.1-5 for each casé. The
normal distribution provides the highest efficiency and the " 7 cosine" distribution the
lowest for any given aperture size. The plots in these figures do not consider the
effect of the paraboloid geometry. When the profiles from all other portions of the
concentrator (where 8 # 0 degrees, Figure 4.1-3) are summed to provide the entire
concentrator efficiency, the same rank of performance would result. The general shape
of the profile for a given distribution would be similar when comparing the paraxial
case with the entire concentrator case. However, the profiles from points other than

@ = 0° extend over a larger area, because of the cosine effect of the angle 6 and the
longer ray length from concentrator surface to focal point. When the solar non-parallelism
effect is combined with any of the other four cases, the profiles change from those
shown in Figure 4.1-5. Results of calculations based upon the previously mentioned
analytical approaches, which include the paraboloid geometry for several of these
surface error models, will be presented after a brief discussion of the actual error
distributions which were observed and measured for the Sunflower preprototype
collector.

4.1.1.3 Measured Surface Deviation Characteristics

Error distribution curves similar to cases 1, 2, 3, or 4 have been measured. For
example, the errors due to honeycomb core mark-off were measured (see Section 7. 3. 4).
Typical error distribution plots of these data are shown in Figure 4.1-6, indicating
either a 7 or 2 T cosine characteristic. The less desirable 7 distribution is encountered
if too much adhesive is used to bond the face to the core. By controlling adhesive
application, the maximum slope error is about 6 minutes and the error distribution
follows the 2 7 characteristic.

Although the honeycomb markoff has a specific deviation characteristic, the combination
with other modes of geometric errors may result in completely different distributions.
The combined error distribution for the Sunflower solar collector was obtained from the
analytical and test results of the development program. This curve, obtained from
Figure 7.4-3, was presented in Figure 4.1-2 for comparison with the various analytical
surface models. It is seen that it is related most closely to the geometric error model
surface having a normal distribution. Comparison with various standard deviations

(68 percent of the reflector area has smaller absolute angular error than the standard
deviation value o ) is shown in Figure 4.1-7. It is seen that the standard deviation of

15 minutes approximates the measured curve. The fact that this model ( -¢ =15"
exceeds the observed maximum gross error of approximately 30 minutes is compensated
for by the fact that honeycomb markoff is not included in Figure 4.1-7; thus, the
distribution would be modified to include the equal probability for the markoff character-
istic. This would increase the maximum deviation to approximately 36 minutes and
approach the ¢ = 15' standard deviation curve.

12
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4.1.1.4 Calculated Flux Profile in the Focal Plane

In the initial Sunflower concentrator analysis, the flux profile was based primarily upon
the results of solar tests conducted on a ten foot diameter concentrator model. To
evaluate various design parameters, the Hukuo-Miil7analysis was originally used.
However, based upon the observed characteristic of the Sunflower preprototype collector
the analytical surface model proposed by Silvern”" appears to be more accurate.

b4

Calculated flux profiles comparing results of these two surface models is shown in
Figure 4.1-8. Also shown for comparison is the originally estimated flux profile.

All curves are based on a reflectivity of 100%. It should be noted that the calculated
curves must be modified to account for the Sunflower geometrical characteristic that
the collector is an annulus. In effect, the flux from a "virtual" collector which
represents the central open section of the Sunflower concentrator is subtracted from
the total flux calculated for a full paraboloid. The standard deviation ( ¢ = 15), is
based upon the discussion of the previoug section while the b/d = 6 value is based
upon the criterion suggested by Dresser for the maximum deviated nominal light ray.
By referring to Figure 7.4-2, it can be seen that this occurred not at the collector rim
but at a radial location of approximately 160 inches. The six minute deviation

due to the honeycomb markoff was also added to this combined gross deviation value
in establishing the b/d parameter.

Actually the maximum deviated light ray is not of major interest since it is seen that a
very small portion of the collector surface area is involved. Of major interest in col-
lector analysis is the distribution of surface errors which, if it has a normal distribution
characteristic, is best defined by the standard deviation parameter ( ¢ ).

It is obvious that the defining values of angular deviation in the two analytical approaches
which have been discussed (maximum angular error in Hukuo-Mii and standard deviation
o in Silvern) cannot be compared directly. The approximate relationship of ¢ to the
maximum deviated ray as described by normal probability is shown in Figure 4.1~9 and
must be defined as to the degree to which the model is extended.

From the calculated flux distribution curves presented in this section, concentrator
performance can be evaluated for various size apertures.

4.1.1.5 Predicted and Measured Concentrator Performance

Concentrator performance for various size apertures, as predicted by the previously
mentioned analytical approaches, is presented in Figures 4.1-10 and 4.1-11. Also
shown for comparison is the observed performance of the preprototype segments as
measured during solar testing. These single panel solar tests are described in detail
in Section 8,1.1,

Figure 4.1-10 shows the results of solar tests as compared to the Hukuo-Mii predicted
performance. Figure 4.1-11 is a comparison with the normal distribution model and
shows a closer curve shape correlation, thus supporting the previously stated
conclusion based on geometric inspection that the normal distribution of surface errors
is the more accurate analytical model. 19
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It is seen that the performance displayed by the preprototype collector is represented
by a standard surface error deviation of 25 to 30 minutes. This high value is primarily
caused by the honeycomb markoff condition of SPTR #1 which is described in Section
7.3.4. As mentioned previously, a standard deviation value of 15 minutes can be
expected in the Sunflower prototype design.

In the early Sunflower parametric analysis, the Hukuo-Mii flux profile characteristic
was assumed. With modifications, the profile shape was related to a maximum surface
error value which made analysis more convenient. These data were further analyzed to
evaluate the solar misorientation parameter . The resulting parametric curves are
presented in Figure 4. 1-12 for various misorientations. Based upon the subsequent
test and inspection information, the actual flux profile of the Sunflower collector would
be expected to fall somewhere between the normal distribution and the Hukuo-Mii
profiles. Thus, higher efficiencies than are shown in Figure 4.1-12 can be anticipated.
Parametric calculations using the normal distribution model must be made during a
prototype design period.

4.1.2 Receiver Performance

This section treats a parametric analysis of the receiver retention efficiency. Receiver
efficiency is expressed by equation (4.1-3), where the first term on the right hand side
establishes the absorption factor and the second term establishes the thermal radiation
factor. The objective in obtaining a high receiver efficiency is therefore to approach

an p_ of 1.0 by making the first term large and the second small. For the purpose of
this analysis, several assumptions have been made:

a, The receiver surface reflects and emits solar or thermal radiation according
to the classical cosine law.

b. The receiver surface temperature is uniform over the entire area.

c. The concentrator efficiency factor ( g ) is equal to 1.0 for all values of
aperture diameter.

The second assumption is valid since the temperature profiles computed for the receiver
surface“® are near to being uniform. The third assumption was made so that the
receiver efficiency would be independent of the effect of concentrator efficiency.
However, the combined concentrator-receiver efficiency will be obtained in the
subsequent section.

From equation (4.1-3), it can be seen that the parameters of q A and 'l cannot

be varied in this analysis, But the parametersof ux, a s A and T can be
handled to optimize the receiver efficiency. The tempera%ure T i$ established
primarily by the heat storage media melting temperature. However, the temperature
will vary to values above the melting temperature due to the heat transfer characteristics
of the boiler/heat storage design. The temperature is not expected to decrease below
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1250°F, which will be the temperature just as the shade phase of an orbit ends. The
upper limit has been set at 1600°F; this will be the case at completion of the sun phase
of a 300 nautical mile orbit. In order to obtain a mean temperature for these receiver
calculations, a typical temperature-time profile was chosen and the fourth root of the
fourth power arithmetic mean value was calculated to be 1450°F,

It should be noted that the parameters aas and Fr are functions of other parameters
as follows:

A
a =F(@ ,T A_a , the directional reflecting characteristics (4.1-6)
as cs & 8 of the receiver surface, and the view factor
of the surface with respect to the cavity
aperture.)
Fr = G (act’ and the same parameters as in (4.1-6) except acs) (4.1-7)

The parameters a__and F_ are in effect the apparent absorptivity of the aperture to
solar radiation in(?isdent ovgr that area and the radiation loss factor associated with

the entire receiver surface, respectively. The parameter Fr includes the radiation
which passes directly out of the aperture as well as radiation reflected from other
areas of the interior to the aperture and out. The receiver area (A ) is in most cases
sized by the heat flux required by the conversion device. For the Stnflower boiler/heat
storage component the heat flux (qB) is approximately 10, 000 Btu/hr ft",

The combinations of parametric values chosen for the Sunflower receiver evaluation are
shown in Table 4.1-1, where a total of ten different cases are treated. The results

are plotted in Figures 4.1-13 to 4.1-16 as receiver efficiency versus cavity aperture
diameter. It will be shown in the following section that the 15 to 17 inch aperture
diameters form the range of optimum aperture sizes for the cases chosen. Therefore,
for this analysis, that same range should receive the most attention.

Figure 4.1-13 shows the effect of receiver temperature on retention efficiency. The
predicted mean temperature of 1450°F is representative of the expected performance,
whereas the curves of 1250° and 1600°F are the limits of conceivable performance.

As can be seen, the efficiency can differ by 15% at a 17 inch aperture size. The
conclusion is that if the receiver design is changed to allow a reduced maximum
temperature (1600°F on these curves), an improvement of about 5% in efficiency might
be achieved,

Figure 4.1-14 shows the effect on efficiency as the parameters of a and a
(equations (4.1-6) and (4.1-7)) are varied. Here a 10% spread exisfs betweén the
extreme cases at the 17 inch aperture size. For this example, the cases of 2a and 2b
may not be realistic because of the assumption of a non-gray characteristic, where
the acs/ a, ratios are 2.0 and 0. 5, respectively. Although many surfaces exhibit

26 |




TABLE 4.1-1

RECEIVER STUDY PARAMETERS

Receiver Receiver Receiver Receiver |Reradiatio
Temperature Surface Surface Surface | Time to
TS Solar Thermal Area Sun Time | Plotted
Case Absorptivity Absorptivity A Ratio in
at T s Figure
CF) a a (ftz)
cs ct H
la 1250 4.1-13
b 1600
c 1450
2a 1.0 0.5 4.1-14
b 0.5 1.0
c 0.5 0.5
d* 0.9 0.9
e 0.375 0.3
3a 20 4,1-15
b 30
c* 26
4a 1.0 4.1-16
b* 1.6

*Same as case lc

747 ft2

440 Btu/hr ft2

1.0

0.9 Except as in cases 2a, b, ¢, and e

0.9 Except as in cases 2a, b, ¢, and e

26 ft2 Except as in cases 3a and b

1450°F Except as in cases 1a and b

1.6 Except as in case 4a
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these spectrally dependent characteristics, it is expected that the ratioof a a /a
for the receiver surface will be close to one. For one reason, the wavelength ranges
of the solar and 1250° to 1600°F thermal radiation are more alike than the ranges of
solar and 100° to 200°F thermal radiation.

Case 2a shows the most desirable receiver surface absorptivity properties where
acs/ac = 2.0, and case 2b shows the case where the ratio is 0.5. Case 2e shows
the results of using a,4=0.375 and a.¢=0. 3 values, and in the 15 to 17 inchdiameter
range this combination results in the lowest receiver efficiency. This last case could be
typical of the Haynes alloy used in the shell construction if it is heated in a vacuum.

The change in absorptivity when heated in the presence of air is not known. However, the
case 2d curve shows the desirability of having a high value of g and accepting the

fact that the a _ value will be the same. A high a__ value makes the first term in
equation (4. 1—?’3 large. As case 2a shows, the ne%% forana /a = 2.0 ratio does
not markedly improve receiver efficiency. Besides, such a%g.ilocred surface may be
difficult to attain.

Figure 4.1-15 shows the influence of receiver surface area on efficiency; however,

this parameter cannot be changed too drastically because of the heat flux requirements
resulting from the boiler/heat storage design. Of the four parameters which have been
varied, the surface area has the least effect on efficiency, being only 3% at the 17 inch
aperture.

Figure 4.1-16 shows a larger change of 8% at the 17 inch aperture as the parameter u
is changed from 1.6 to 1.0. To achieve a p of 1.0 for a 300 nautical mile orbit, it
will be necessary to close the receiver aperture during the shade period, thus

eliminating the radiation loss for that phase.

The conclusions of this analysis are, therefore, that the highest receiver efficiency
can be obtained by:

a. Reducing receiver temperature.
b. Increasing the absorptivity of solar radiation.
c. Increasing the receiver interior area.
d. Closing the aperature during the shade phase.
The quantitative changes will be shown in the following section.
Since a solaramic coating (glass) is being proposed for purposes of hydrogen containment
in the heat storage design, it is expected that an investigation into additives or modifications

would show that higher absorptivities could be achieved. This, of course, has to be
done without degrading the hydrogen containment property.
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4.1.3 Combined Collector-Receiver Performance

The combined collector-receiver performance was studied parametrically during the
development program. Since the correlation of the Sunflower collector surface errors

to the normal distribution characteristic was not obtained until late in the development
program, the parametric studies are based upon flux distributions in the focal plane

as predicted by the Hukuo-Mii analytical approach. In particular, the curves that

show the effect of solar misorientation on collector efficiency are based on the Hukuo-Mii
model. The fact that the actual Sunflower surface characteristic is between the
Hukuo-Mii and a normal distribution model means that the efficiencies predicted here

are conservative. Thus, higher efficiencies are expected.

Because of the many parameters, an infinite number of optimum collector-receiver
efficiencies can be obtained. An optimum efficiency for any combination exists at a
finite value of aperture diameter, because the collector efficiency increases with
aperture whereas the receiver efficiency decreases.

Based on the conclusions regarding surface errors, it is anticipated that maximum
cumulative slope errors will not exceed 1/2° in the Sunflower collector. This being
the case, the curves in Figure 4.1-12 can be used to predict Sunflower collector-
receiver performance.

Utilizing the analyses in sections 4.1.1 and 4.1. 2, the five cases in Table 4.1. 2 have
been selected as logical parametric combinations for study. As can be seen in
Figure 4.1-17, the concentrator-receiver efficiency increases as each case is
considered, starting with the first. This increase is due to the choice of parameters
that tend to increase efficiency. The highest efficiency achieved in Case 5 does not
involve any major developmental programs but would entail the following:

a, Maintain solar misorientation to 1/4° maximum,
b. Design an aperture door for closure in the shade phase.
c. Provide a high surface absorptivity to solar radiation.

If one or more of these conditions are not acceptable, the remaining 4 cases reveal the
degree of reduction in efficiency.

The boiler/heat storage component requires a total heat input of 190, 200 btu per orbit
period at 300 nautical miles, including 4020 btu for thermal losses from the exterior

of the unit. The intercepted solar flux with a 32. 2 foot outside diameter, 9. 2 foot
inside diameter concentrator is 329, 000 btu/hr. Since the sun phase is 60 minutes,
then 329, 000 btu will be intercepted per orbit period. The minimum collector-receiver
efficiency is therefore 190, 200 divided by 329, 000, or 57.8%. As can be seen in

Table 4.1-2, case 3 is just below this limit for the 32. 2 ft diameter collector design
and cases 4 and 5 allow a reduction in collector size. For the first and second cases,a
collector larger than 32. 2 ft would be necessary.
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4.2 ENVIRONMENTAL ANALYSIS

Analytical investigations of the Sunflower systems were conducted to determine the
structural and other design requirements for the solar collector. These analyses
included launch environments of acceleration, aerodynamic loading, and vibration for

the stowed structural arrangement. Deployed position environments of orbital transfer
acceleration and vibration as well as space conditions of vacuum, meteorite bombardment
etc., and thermal environment were investigated. Also analyzed were deployment
dynamics and kinetics.

4.2.1 Launch Environment Analysis

In the launch position, the collector sectors are bundled around the system structure

and held in position by restraining bands at several locations. A structural analysis

of the sectors as conjugate beams was programmed on a Burroughs 205 digital computer.
The program computes the deflections of a parabolic shape sector under the influence

of acceleration and arbitrarily imposed forces along the sector length, and considers
that the sector is supported at the hinge end and by contact with a support ring whose
position may be specified. Any desired moment may be imposed at the hinge, and a
single restraining band (in addition to that at the support ring) may be located as

desired.

Primary deflections are calculated and inertia and aerodynamic loads are again placed
on this new shaped sector. Secondary deflection is computed and added to the primary.
This iteration is repeated until the newly-found deflection increment is less than 1% of
the primary deflection at the point of maximum deflection.

The computer prints out deflections, stresses, shear forces, support ring reactions,
and band forces. Typical computed results for the launch inertia loading are shown
plotted in Figure 4. 2-1.

This computer program was used to establish the honeycomb material crossection and
to optimize support and band locations for minimum deflection and stress. Computed
reactions and band forces were used as a criterion for the design of sub-components.

4.2.2 Vibration Analysis

Certain vibration specifications have been established for the Sunflower system.
Figure 4. 2-2 shows the original vibration specifications and also the more recent
revised specification. The original specifications apply to both launch (stowed) and
orbital transfer (deployed) positions of the collector.

Vibration analysis during the initial investigation period consisted of calculating the

fundamental frequency of a single sector simply supported. As might be expected for
a large flexural element, this frequency was low-approximately 2 to 3 cps.
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The sectors are subjected to different degrees of vibration in the stowed and deployed
configurations. Figure 4. 2-3 is a schematic representation of the relationship of the
vehicle vibration inputs to that transmitted to the collector supports.

Based upon this preliminary analysis and low level vibration testing, a vibration
isolation system was established for the Sunflower collector and will be described in

Section 5. 3. 6.

4.2.3 Deployment Analysis

The Sunflower collector deployment concept may bebriefly stated as follows;
a. Torsion spring actuation from the stowed position
b.  Motion to the full open paraboloidal position
c. Stop and lock in the full open position

The motion of the collector sectors, as well as the forces involved in the locking
sequence, were analytically inveéstigated.

Orbital deployment of the collector will occur in a zero gravity environment where the
only driving force will be the torsion spring. Motion due to the spring will be damped
by sliding friction forces between sectors. Since these forces are difficult to predict
accurately, a range of frictional values was investigated.

To avoid excessive kinetic energy build-up in sector inertia, a viscous damping
arrangement at the hinge was also investigated over the range from no damping to
critical damping. The equations of motion for such an arrangement were solved and
typical results will be presented in section 8. 3. 2 for comparison with test data.

The kinetics of such a system were also analyzed and typical results are shown in
Figure 4.2-4, It is seen that as the damping coefficienct ( v ) approaches critical
damping ( v = 1.0), the level of final kinetic energy decreases and yet a wide range
of frictional torques can be accommodated. Thus, stopping and locking forces can be
controlled by the proper design of a damping device.

4.2.4 Deployed Paraboloidal Position Structural Analysis

Several methods were used to analyze deflections and stresses of the deployed collector.
As mentioned previously, the Burroughs 205 computer program was used to establish
the honeycomb sandwich material crossection for launch loads on a single sector
analysis. Stresses and deflections for a simply supported sector were also computed
on the 205. However, the effect of the structure of revolution could not be handled.

A membrane analysis of a paraboloid of revolution showed small deflections which,

of course, did not include bending.
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A satisfactory structural analysis of the deployed collector was obtained in conjunction
with the thermoelastic structural analysis programmed on an IBM 704 computer.
Further description of the analytical model and results will be presented in Section
4.2.5.

Calculations were also made for anticipated inertia loadings due to satellite attitude
control and stabilization maneuvers;these were shown to be negligible.

4.2,.5 Orbital Thermal Environment Investigation

The Sunflower power conversion system must be capable of operation in any earth

orbit between 300 miles and 20, 000 miles normal altitude. The resulting sun-shade
environment and changing irradiation conditions of a near-earth orbit will impose
temperature variations on the solar collector. Theoretical and supporting experimental
investigations of the effects of orbital thermal environment on the performance of the
Sunflower solar collector were conducted and resulted in specific structural design
considerations.

4.2.5.1 Transient Temperature Characteristics

Variations in temperature experienced by an object in a near-earth orbit are primarily
caused by its passages into and out of the earth's shadow. The resulting cooling and
heating trends are controlled by the orbit elements, the intensities of solar and
terrestial radiation fluxes, and a combination of several parameters of the satellite
material and its surface structure, including albedo, emissivity, heat conductivity,
and heat capacity.

For the Sunflower system, the largest variations in temperature can be expected from
the wide range of radiation intensities encountered in a low earth orbit. For this reason,
the 300 mile orbit with approximately 60 minutes of sun and 35 minutes of shade time
was investigated.

Transient Heat Balance

The Sunflower collector is composed of adhesive bonded aluminum honeycomb sandwich
material with a typical cross-section as shown in Figure 4.2-5 (a). The thermal
characteristics of this material in a space environment are represented in Figure
4.2-5 (b) by a simplified diagramatic thermal network,

The solution of this network for an increment of collector material as the surface
progresses through an orbital period (see Figure 4. 2-6) was calculated.

Results of these calculations are shown in Figure 4. 2-7 for the originally proposed
honeycomb material. Results for the minimum weight thermal control design are shown
in Figure 4.2-8. This concept uses transparent silicon oxide radiation control films
which increase or decrease the emissivity in a certain temperature range. The thick
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silicon oxide layer on the front face of the collector increases the emissivity of thermal
radiation in the 0° to 200°F temperature range. Therefore, any energy absorbed on the
front face will have an increased tendency to be reradiated from that face rather than
being transferred to the back side for radiation, thus minimizing the A T. This thermal
control concept will be discussed further in Section 4. 2.5. 6.

Transient characteristics which were calculated for other material and surface
combinations are shown in Table 4.2-1. The heat transfer from front to back face of
the collector material was considered in these heat balance calculations. Values of
appropriate thermal conductivity were obtained experimentally for various combinations
of materials and fabrication techniques. A description of this testing and results will
be presented in Section 4. 2.5.5.

4,2,5.2 Steady State Temperature Gradients

Figure 4.2-7 shows that, in general, the transient curve has two extreme points-one
at the beginning of the sun period and one at the end. Therefore, the Sunflower system
thermal map was computed for the approximate steady state conditions at the beginning
and end of the sun period of the orbit.11

Each component of the system is represented by a network of descriptive steady-state
energy balance equations based on nodal points. A three-dimensional network is used
in analyzing the collector, thus including the radial and circumferential temperature
gradients as well as the temperature difference through the thickness of the honeycomb
sandwich material. Due to the symmetry of irradiation and view factors, an analysis
model of only one-half of the collector was established.

The primary energy inputs and factors contributing to temperature gradients in the
solar collector are:

a. Absorbed energy from the sun varying with the ratio of the incremental
projected normal area to the actual surface area due to the dished shape.

b. Directly absorbed energy of the earth's albedo, including the varying view
factors from points on the collector to the earth's illuminated portion.

c. Thermal radiation from the earth to the collector, including the varying
view factor from points on the collector to the entire earth.

d. Infra-red diffuse energy emission and reflection to other components of the
system and appropriate view factors.

e. Energy emitted from the boiler cavity to the collector, including varying
view factor.
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f. Energy emitted from the boiler control doors and bottom face.

g. Conduction through the sector thickness and along the skins.
Again, the experimental results for thermal conductivity were used in the computations.
(See Section 4.2.5.5.) -~

The collector will achieve an equilibrium temperature so that all absorbed energy is
reradiated to space. Solution of the steady-state energy balance equations was
accomplished on an IBM 7090 digital computer. Results for the collector portion of
the Sunflower system are shown in Figures 4.2-9 and 4.2-10 for the two extreme
points mentioned previously. Resulting A T's through the thickness of the collector
material are shown in Figures 4.2-11 and 4.2-12. These calculations were based on
the heat transfer characteristics of the originally proposed honeycomb material.

The average values of the steady-state computer solution are shown in Figure 4. 2-7
for comparison with the transient solution. Note the excellent correlation even though
no geometry considerations exist in the transient analysis.

4,2,5.3 Thermoelastic Structural Analysis

The maximum thermal gradients of the originally proposed structural material were
presented in Figures 4.2-9 and 4. 2-11. To analyze the thermal distortions and associated
optical errors caused by these temperature gradients, a structural analysis of the

Sunflower collector was made.

Analysis Model Description

The analysis model of the paraboloidal collector utilized two major idealizations:

a, The composite sandwich material (see Figure 4.2-5 (a)) is idealized
as a homogenous plate with special properties.

b. These plates are further idealized as a gridwork of beams having elastic
properties which simulate the continuous plate.

The first idealization was necessary due to the extreme lightweight of the composite
material and the nature of the thermal gradient through the thickness (see Figure 4. 2-5 (a)).
This gradient is caused by the low thermal conductivity of the adhesive bond and results

in a reduced coefficient of thermal expansion for the composite material when compared

to an aluminum plate using a linear temperature drop and the classicial approach of
bending to a spherical shape. In other words, the thermal distortion of the honeycomb
sandwich material was described by the use of an apparent coefficient of thermal

expansion with a linear A T through the thickness. This apparent coefficient was

obtained from tests of thermal distortion of sandwich material specimens which will be
described in Section 4. 2. 5. 5.
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The second idealization is made to allow solution of the problem by digital computation
using established general structural analysis computer programs.5 Essentially, the
continuous material of the elastic body is replaced by a three-dimensional gridwork of
equivalent straight elastic beams and diagonal members interconnected at joints called
nodal points.

1
A further description of the idealized structural model is presented in TRW ER 5028 9.

Since the collector is composed of 30 sectors, both a single sector and a quadrant of
the collector were programmed for solution. The quadrant was selected since A T's
are approximately symmetrical on a quadrant basis. The equations representing the
mathematical model were formulated by a stiffness matrix approach based upon small
deflection theory. These equations were automatically formed and solved in terms of
deflections at nodal points and constraint forces using General Dynamics/Electric Boat
Division's IBM 704 general structural analysis computer program.

Thermoelastic Analysis Results

Computed results for thermal distortion modes are shown in Figure 4. 2-13 for the
various cases which were investigated. Before presenting the effects of these
distortions on optical performance, the structural analysis will be discussed further.

As a check on the accuracy of the analysis model, solutions for the dead weight deflection
of the collector were computed for comparison with measured data obtained from
developmental testing of the full scale preprototype collector {(see Section 8. 3. 1).

Results of these comparisons are shown in Table 4. 2-2 and Figure 4. 2-14. Reactions
and stresses were obtained from strain gage measurements during dead weight testing.

It can be seen that reasonable correlation is obtained except for the compressive stress
in the upper skin.

TABLE 4.2-2
COMPUTED VS MEASURED REACTIONS AND STRESSES

Measured
Computed
IBM 704 Preprototype
COL II-2
Rim Lock Constraints
Force 49.31b 50 1b
Moments 15. 8 in-1b 13.7 in-1b
Stresses
Upper Skin 4500 psi 1285 psi
{(compressive) (compressive)
Lower Skin 3600 psi 3210 psi
(tensile) (tensile)
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The originally proposed locking arrangement provided for locks only at the rim for
simplicity and increased reliability. However, it can be seen in Figure 4.2-13 that
excessive thermal distortion results. Considerable increased restraint is obtained
from the cases of one and two additional locking points. Comparison of the optical

errors associated with each case will also be discussed in Section 4. 2. 5. 4.

The structural analysis model of a quadrant of the collector was established to
investigate the effects of the circumferential gradients (see Figures 4. 2-9 and 4. 2-11).
However, the computer results of the thermal analysis of the quadrant model are
considered to be inaccurate. The conditions of static equilibrium and the boundary
conditions specified at the points of constraint were not completely satisfied. The
unsatisfactory solutions of the quadrant analysis are due mainly to the inherent
flexibility of the structure, the mechanics of the procedure used to form the equilibrium
equations, and the round-off errors due to the numerical process. Corrections to the
program were not attempted at this time. However, comparison of solutions of the
quadrant model for the case of no circumferential gradient versus the gradient shown
in Figure 4.2-11 showed similar deflections within 0. 050 inches for the single lock
case. This indicates, as might be expected, that the primary distorting gradient is
through the thickness of the honeycomb sandwich material.

Further structural analysis results are presented by Aldrich, Kiritis, and Bondl.
4.2.5.4 Effects of Thermal Distortion on Optical Performance

Figure 4. 2-13 shows that the various methods of constraint result in different deviations.
To relate these deviations to optical quality, radial surface rotations from the true
paraboloid are plotted in Figure 4.2-15 as a function of radial location. These rotations
were calculated directly by the structural analysis computer program. From this
information, a measure of the optical quality of a geometrically perfect collector which
is thermoelastically distorted can be obtained by relating surface area to surface
deviations. Figure 4.2-16 shows the percentage of collector surface area which is
within various degrees of optical quality. The improvement in quality obtained with
increased restraint is apparent. One curve is an extrapolation of computed results

for the improved thermal control design indicated in Figure 4. 2-8.

Circumferential deviations were also computed in the structural analysis; however,
they are small deviations which would add a maximum of one-half minute to the
absolute deviation.

To determine the effect of thermal distortion on collector overall efficiency, it must be
remembered that this surface deviation is only one of the many factors which enter into
the overall optical performance. Comparison and summation of all types of errors will
be presented in Section 7.4. Also important is that these thermal distortions will vary
from zero to the maximum during the sun portion of the orbit as the A T varies from
zero to 6°F (see Figure 4. 2-8).
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4.2.5.5 Thermal Environment Investigation Supporting Tests Description and Results
To obtain pertinent information regarding thermal distortion of the Sunflower solar
collector, testing on a small specimen basis was accomplished. Test facilities for the
following areas of investigation were designed, built, and utilized.

a. Honeycomb sandwich composite material heat transfer tests.

b. Adhesive thermal conductivity tests.

c. Composite material thermoelastic distortion tests.

d. Mechanical testing.

Composite Material Heat Transfer Tests

The composite sandwich material heat transfer tests were accomplished on the test
set-up shown in Figure 4.2-17. Specimens, five and one-half inches square, are
mounted on each side of a guarded hot plate type electrical resistance heat source.

The heat sinks consist of water or liquid nitrogen-cooled copper plates. This arrange-
ment provides a controlled temperature differential across the specimen thickness as
well as insuring that all the measured electrical input energy passes through the
specimens. Iron-constantan thermocouples were used to measure temperature levels
and differentials. The entire set—t_lg is enclosed in an 18 inch bell jar vacuum chamber
and tests were conducted in the 10 “mm mercury vacuum range. General results of
this series of tests is shown in Figure 4.2-18, This information was used in the heat
balance calculations of Section 4.2.5.1. Comparison of results will be discussed in
Section 4.2, 5. 6.

Adhesive Thermal Conductivity Tests

Figure 4. 2-18 shows that one of the important parameters in the thermal characteristics
of the collector material is the conductivity of the adhesive used in the bonding process.
To investigate this parameter, the adhesive thermal conductivity test rig shown in
Figure 4.2-19 was designed and built. The test set-up utilized two bars of aluminum,
with a known thermal conductivity, which are bonded together with the adhesive being
tested. An electrical resistance heat source is used to heat one end while the other
end is water-cooled. The entire assembly is insulated and iron-constantan thermocouples
are used to measure temperatures. With this arrangement, the known thermal
conductivity of the aluminum bars gives the heat rate passing through the adhesive; an
accurate extrapolation to the temperature at the bonded interfaces is also obtained.
Results for the various adhesive systems which were tested are shown in Table 4. 2-3.
Although K is given in standard units, it is made up of the actual conductivity of the
test specimen plus the effect of the two bond interfaces. Depending upon the thickness
of the test material and the relative effect of the interface resistance, K could vary
significantly. However, the results were used as a guide for the selection of adhesives
to be used in honeycomb sandwich material bonded assemblies for other testing.
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TABLE 4.2-3
ADHESIVE THERMAL CONDUCTIVITY TEST RESULTS

Specimen Bond

Adhesive System K Thickness
Inches
Plain epoxy (Bondmaster 688) 0.14 0.018
Epoxy with 70% by weight Ag 0.34 0.028
Epoxy with 80% by weight Ag 0.45 0.011
Epoxy with 85% by weight Ag 0.51 0.009
Epoxy with Al filler (Raymond R-86002) 0.29 0.006
Epoxide based adhesive (Eccobond 57C) 1.10 0.120

2
Note: "K'" is the thermal conductivity in Btu/hr-ft -°F-ft

Composite Material Thermal Distortion Tests

Honeycomb sandwich composite material thermoelastic distortion testing was
accomplished on the rig shown in Figures 4.2-20, 4.2-21, and 4.2-22. This test
set-up consists of a mount for holding the test sample in a vertical position attached
only at the bottom end. An electrical heater is used to heat one face of the specimen
with a water cooled copper plate as the heat sink for the back face. This arrangement
provides a controlled temperature differential across the specimen thickness. To
observe deflections, optical targets are attached to the specimen and their movement

is observed and measured with a micrometer microscope. The specimen, heaters,

and cold plate are enclosed in a specially built vacuum chamber and tests are conducted
in a high vacuum.

Typical results are shown in Figure 4. 2-23 for the prototypical sandwich material.
These test results were used to calculate an apparent coefficient of thermal expansion
of the sandwich material for the thermoelastic structural analysis of the collector as
mentioned previously in Section 4. 2. 5. 3.

Composite Material Mechanical Testing

Mechanical testing of the composite sandwich material was performed per MIL-STD
401 A for short beam specimens. Also, long plate beam tests were performed. Values
for flexural rigidity and shear modulus were obtained and correlated well with formulas
given in MIL-STD 401 A. These values were used in the structural analysis to define
the elastic characteristics of the sandwich material,
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SANDWICH MATERIAL THERMAL DISTORTION TEST SCHEMATIC
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SANDWICH MATERIAL THERMAL DISTORTION TEST RIG GENERAL VIEW

FIGURE 4. 2-21
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SANDWICH MATERIAL THERMAL DISTORTION TEST RIG SPECIMEN VIEW
FIGURE 4. 2-22
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4.2.5.6 Summary of Thermal Distortion Control Concepts and Associated Design
Consideration for the Sunflower Solar Collector

The following are the primary parameters which affect the thermal distortion
characteristics of the solar collector:

a. Radiation coefficients: &« and e

b.  Thermal conductivity through the sandwich material thickness.

c. Structural stiffness of the collector assembly.

It is seen in the presentation of the previous sections that various single parameters
and combinations of these parameters have been investigated, resulting in varying
degrees of distortion control. Associated with these concepts of control are weight
increases for the solar collector. Based on the overall results of the thermal control
investigations, the comparison shown in Figure 4. 2-24 was calculated. Case "C"
accomplishes a high degree of thermal distortion control with a minimum of additional
weight; for this reason, it has been selected as the thermoelastic design concept for
the Sunflower collector. This concept involves the following three design areas:

a. Three rows of locking points around the collector to restrain distortion.

b. Fabrication and process control of factors affecting thermal conductivity
of the sandwich material,

c. Selective radiation film applications to the front and back surfaces of the
collector to improve radiation characteristics.

Front: 0.65 to 0,70 microns of silicon oxide (transparent).

Back: Reflective coated plus 0. 12 microns of silicon oxide.

Three rows of locks reduce thermal distortions, as indicated in Figure 4. 2-186; also,
during other phases of environmental testing of the preprototype collector, it was
established that three lock restraint is necessary for reasons other than thermal
distortion. Environments of one '"g'"" orbital transfer and vibration require the
additional restraint to lower stress levels.

During thermal conductivity investigations for typical honeycomb sandwich material, it
was found that conductivity 18 quite sensitive to the type and conditions of the adhesive,
the geometry of the adhesive fillet, and the surface finish of the core material. Figure
4. 2-18 showed the effects of some of these parameters as measured during thermal
conductivity testing. By controlling the fillet uniformity, the mixing of the adhesive,
and the surface finish of the core material, maximum conductivity is obtained.
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Radiation control films allow a large range of thermal control with a negligible increase
in weight and a small loss in reflectivity. Use of these films has been adopted in the
collector thermal control design, %se&)oxb%he available optical and thermal character-
istics information in the literature, > ~’ Further investigation is required concern-
ing specific application to the Sunflower solar collector.

Should closer investigation of silicon oxide films eliminate their use, due to ultravoilet
radiation degradation of optical and thermal characteristics, silver filled adhesives can
be incorporated into the Sunflower solar collector design. With a more detailed investi-
gation of the higher conductivity adhesives and their application to honeyccﬁmb sandwich
materials, it is felt that specific weights in the neighborhood of 0. 25 1b/ft” can be
accomplished.

One other method of distortion control which was briefly considered was that of modifying
the collector shape in order to attain the paraboloidal shape when thermally distorted.
This approach requires a high degree of analytical accuracy in predicting both thermal
gradients and thermoelastic deformations. Also, since the temperature differential
varies during the sun portion of the orbit (see Figure 4. 2-7), optical deviations would
still be present and would vary about an optimum modified shape.

4.2,6 Collector Materials Space Environment Reliability

The space environment of the Sunflower collector will involve varying degrees of high
vacuum, penetrating and ultra-violet radiation, and meteorites.

During the collector development program, no active tests or evaluation of materials
space compatibility were conducted; however, continued monitoring of the materials
investigations performed in the general space technology build-up was maintained to
provide the greatest degree of reliability in material selections.

Some of the general conclusions and comments which can be made at this time will now
be presented.

High vacuum will have its primary effect upon the lubrication of the sliding surface
involved in the collector deployment and locking. Dry film lubricants are considered
entirely satisfactory for the lightly loaded sliding surfaces of the hinge and locks,
especially c%sigfring the short exposure time (maximum six hours) before orbital
deployment. ' The vacuum environment can also affect adhesives used in space-
craft bonding. Epoxys in general have been found to have gooq um stability and
specific types which have been tested by various investigators™ '~ are recommended
for reliable spacecraft structural bonding, especially for internal applications. Since
the adhesives used in the bonding of the Sunflower collector honeycomb sandwich material
are enclosed by the aluminum skins and aluminum edge close-outs, this use of epoxy is
considered an internal application and reliable vacuum compatibility is anticipated.
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Penetrating radiation is encountered in varying forms. 20 Cosmic ray-induced damage

is not a hazard. Trapped (Van Allen) electron and proton damage is a function of dose
rate, and the degree of degradation which could occur is not well defined at this time.
Auroral proton flux is negligible from the standpoint of material damage but may cause
cumulative damage to optical surfaces and thermal control surfaces. However, ex-
posure to auroral radiation is dependent upon the orbit since it is localized at the poles.
Solar flare proton radiation occurs in intense fluxes but are periodic and relatively short.
Any radiation damage to the epoxy adhesives would be minimized by the shielding pro-
vided by the aluminum skins.

Ultraviolet radiation degradation of ,f:eﬂa‘b% thermal control surface coatings has been
measured by various investigators. ’ =’ Specimens of transparent silicon oxide
similar to the proposed Sunflower collector thermal control film have been reported to
discolor and increase absorptivity in several laboratory tests. However, most invest-
igators were not dependent upon the transparency of the thermal control film and could
turn their attention to more favorable coatings rather than trying to improve the stability
of the silicon oxide. Several factors indicate that the stability can be improved. It is
believed that the discoloration is produced when radiation displaces electrons which
become trapped in '""color centers, " thereby changing the isotropy of the film. If this

is the case, coloE 4formation can be greatly retarded by the addition of a small amount

of cerium oxide. Also, when the radiation is removed, trapped electrons will migrate
back to their normal position and color will disappear. This migration increases with
increased temperature and when illuminated by white light, Laboratory degradation
tests of silicon oxide simulate only the ultraviolet radiation; therefore, observed degrada-
tion may be highly accelerated, especially since both the sun and shade portions of a true
orbital environment would tend to remove discoloration. The stability of the aluminu
reflective film itself has been demonstrated by recently reported results. Brozdowicz
states: "It appears that the aluminum reflective coating is not affected by high-energy
electromagnetic radiation, regardless of substrate material, underlying coatings, or
SiO-fast deposited on the top.'' These tests were conducted in a vacuum for 1000 hours
at 3.5 to 4 solar intensities and results show little difference in reflectivity when com-
pared to control specimens which were not irradiated.

Only detailed investigation of silicon oxide films for the specific Sunflower application
will determine the reliability of its use. The optical and thermal characteristics, i.e.,
transparency, wide @ /¢ range, light weight, make it an ideal control coating for space
mirror applications. This potential indicates that increased effort is needed in establish-
ing its space compatibility.

Meteorites can cause damage by penetration or surface erosion. Any penetrations of the
collector material woul 0involve very small areas and thus would not affect performance
or structural integrity. The possibility of penetration in a critical structural area
represents a hazard on very infrequent and unpredictable occasions.
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Calculations of the average area affected by micrometeorites in one year show erosion
is not significant.

Spacecraft-borne experiments to investigate space compatibility of materials are planned
by several agencies and will provide increased information for the final selection of
reliable long-term materials in the collector design.
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5.0 COLLECTOR DESIGN

Based on the performance and environmental analyses, the preprototype collector was
designed with the following major objectives:

a., Minimum weight within optical and structural integrity requirements.
b. Stowage for launch in the Centaur vehicle nose fairing.
c. High reliability in deployment and locking actions.

5.1 COLLECTOR STRUCTURAL DESIGN

Early in the development program, a review of light weight structural materials and
structural concepts was made to evaluate all possible design approaches. General
results are summarized in Table 5.1-1,

As originally proposed, aluminum sandwich material was used in the Sunflower design.
Several types of core material were investigated but hexagonal honeycomb was found
to be technologically well advanced and readily available.

Based on the various environmental structural analyses (see Section 4,2), the sandwich
material crossection shown in Figure 5.1-1 was established.

The 3 mil face material is epoxy adnesive bonded to the aluminum core. Adhesive is
used only at the core cell walls where the fillet forms an adequate shear tie with mini-
mum adhesive weight.

5.2 STOWAGE AND DEPLOYMENT DESIGN CONCEPT

The Sunflower collector stowage arrangement is based on a "flower-petal" or petaline
concept for folding segments of the paraboloid. This concept was adopted because of
its inherent kinematic simplicity and because it is well suited to the Centaur nose cone
envelope. Figure 5.2-1 shows the approximate geometric relationship of the number
of sectors required for various vehicle and collector sizes, Naturally for maximum
reliability and optical quality, the number of sectors should be kept at a minimum.

The Sunflower collector stowing envelope and resulting configuration are shown in
Figure 5.2-2. It is seen that the number of sectors was minimized to 30 by scallopingthe
tips to clear the coned portion of the envelope.

Each sector is hinged at a center structural support ring. In the stowed position, the
sectors are folded against an upper structural support ring and bands around the out-
side restrain the bundle during launch. A torsion spring at each sector hinge is fully
torqued in the stowed position, At the time of deployment, the restraining bands re-
lease and the springs actuate the deployment. When the open paraboloidal position is
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GEOMETRIC RELATIONSHIP FOR PETALINE STOWAGE
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reached, the spring is in the free position and locking devices along the sectors connect
adjacent sectors into a structure of revolution.

5.3 SUB-COMPONENT DESIGN

It is seen that the solar collector is composed of various major sub-components. De-
tailed design descriptions of these components follow.

5.3.1 Sector Design

Each sector is constructed of aluminum honeycomb sandwich material which is adhesive
bonded. Based on considerations of strength, surface finish, and availability, 5052-H38
aluminum alloy was used in the preprototype design. The adhesive system selection is
a 100% reactive, two component epoxy adhesive and was based upon consideration of
strength, ease of handling, and application and curing characteristics.

Edge close-outs for the sectors consists of three mil aluminum "Z" sections which are
lap joint bonded to the skins. This provides an all metal edging on the part which mini-
mizes edge losses due to markoff and distortion.

Components such as hinges and locks are attached to the sector by threaded fasteners.
For these attachments, metal inserts are bonded into the honeycomb core during fabri-
cation of the sector. Potting-in of adjacent cell areas around the insert provides a
reliable shear tie to the skins.

Mechanical testing of both insert connections and the sandwich material itself was con-
ducted to optimize strength and weight for various adhesive application methods.

5.3.2 Hinge-Torsion Spring Design

The hinge and torsion bar hardware is shown in Figures 5.3-1 and 5.3-2. The torsion
spring is a rectangular spring-metal torsion bar which runs through the hollow hinge
pin. Connections on each end fix the bar to the sector and mounting ring. A rectangular
crossection torsion bar was used to obtain the proper relationship between required
angle of twist, torque, and stress. This shape bar is also much more economical to
fabricate compared to a circular bar with adequate end connections.

The hinge itself is made of cast aluminum alloy and has integral torsion bar end con-
nections and a mounting pad for attachment of a damping device linkage. As shown in
Figure 5.3-2, the hinge assembly is edge mounted to the honeycomb sector by threaded
fasteners. The hinge attaches to the center structural ring also using threaded fasteners.
This arrangement allows for adjustment during assembly and ease of disassembly.

The torsion bar-hinge arrangement is designed so that the torsion bar can be torqued or

released with a hand tool when the sector is in the stowed position, thus eliminating the
necessity of deploying the collector to load the actuating springs.
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5.3.3 Lock Design

Two basic approaches to a locking device were investigated during the design phase:
a. Combination shock absorber-lock
b. Detent lock - continuous viscous damping

The differences in the two design requirements are based on the kinetic characteristics
of the deployment dynamic system. If the deployment design is such that the actuating

spring energy is absorbed only by the sliding friction between sectors, then the kinetic

energy remaining in the system must be absorbed by the lock.

On the other hand, if a viscous damping device is used in conjunction with the spring
actuator, torque is absorbed continuously by the damper, thus requiring only a detent-
ing lock in the open positions.

The combination shock absorber - lock which was investigated is shown in Figure 5.3-3
and a sequence of operation is shown in Figures a through f. The device performs two
functions in the final phase of the collector deployment sequence: it decelerates the
petal so as to prevent excessive forces from developing and it locks the petal in the
correct open position, There is a locking device for each sector of the collector.

During the locking sequence there are four events:

a. Initial detent

. .

b. Diaphragm puncture
c. Deceleration
d. Final detent

Figure 5.3-3a shows the probe of one petal as it approaches the dash pot assembly of
another petal. The initial detent springs are tapered as shown so as to guide the probe
into the socket if there is any misalignment between the two.

This initial detent, Figure 5.3-3b, requires only a small portion of the kinetic energy
of the petal to operate., The intent is to positively engage the probe and dash pot to
avoid disengagement before final locking occurs. Once the initial detent is made, the
probe forces the piston against the pressure (P ) inside the dash pot cavity. The pres-
sure P_ will be greater than P_ by some 14,7 psi or more since operation will occur

in orb‘i% where P_ is a near vacuum. When the piston advances far enough, the puncture

point, Figure 5.3-3c, punctures the diaphragm. This allows the pressure P_ to relieve

itself through the orifice, thus preventing a large pressure rise and the result]ing large
deceleration forces.
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When the piston reaches the position shown in Figure 5. 3-3d. the collector has reached
its full open position and the final lock detent occurs as shown. But an additional feature
is built into the dash pot; it can absorb minimum and maximum amounts of petal kinetic
energy which are an order of magnitude different from one another. If the petal kinetic
energy happens to be the minimum, then the piston merely advances to the final detent
and stops. If any value of kinetic energy up to the maximum is encountered, the piston
continues to advance as in Figure 5. 3-3e until the energy is absorbed. The petals

must rotate beyond the full open position of the collector to do this. Therefore, the
helical spring, which was engaged by the piston even prior to reaching the full open
position in Figure 5. 3-3d, forces the piston backwards until the final detent springs
prevent further reversal of the sequence. The helical spring is not intended to have

any shock absorbing features, although it does act against the piston as the pressure P
does. It must only have force enough to return the piston to the full open position as

in Figure 5. 3-3f.

The second lock design which was investigated involves separating the dash pot portion
of the device from the detent portion. The detents would remain at the tips of the
petals, but the dash pots would be placed at the pivot points of the petals. In this way,
two advantages could be realized:

a. TFewer dashpots could be used where each one would act on a set of 3 petals,
thus reducing hardware requirements

b, A control of petal kinetic energy could be maintained over the entire de-
ployment sequence; thus, the forces developed in the final locking phase
would be reduced.

This second deployment system was selected for preprototype design.

Typical lock hardware is shown in Figure 5.3-4. The lock consists of a probe and a
detent barrel which has a funnel opening to pilot the probe. To span the scallop at the
sector tips, a flat spring strap is used. This spring section, in combination with the
pivot at the mounting bracket, allows for the kinematic discontinuity which occurs at
the end of the deployment sequence due to the thickness of the sector. A guide shoe
is also part of the lock. It rides along the edge of the sector to provide a link and
guide during the entire deployment sequence. A detail of the detent portion of the lock
is shown in Figure 5.3-5. In operation, the probe is piloted to the detent portion by
the funnel. Upon engagement, the probe shoulder pushes the barrel over the detent
balls which drop into the probe relief, thus locking the two adjacent sectors. The
lock can be released only by pushing the detent barrel against the compression spring,
thus relieveing the detent balls, With this locking arrangement, the primary function
is the detenting action; however, a small amount of shock absorption is obtained when
the probe compresses the detent barrel compression spring.
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The primary motion controlling device in this deployment concept is a viscous damper.
Since the damping of this type of device is proportional to velocity, high initial torques
can be designed into the actuating torsion bars to reliably deploy the collector under a
large range of inter-sector friction; yet with a properly sized viscous-damper, high
velocities and final kinetic energies are not imparted to the locking sequence.

A damper, such as the one shown in Figure 5.3-6, was sized for the initial estimates
of inter-sector friction. Detailed design and fabrication was not performed in this
portion of the development program, however, since accurate frictional values would
be obtained in the scheduled deployment simulation testing. Based on these deployment
test results, the motion control concept would be finalized,

5.3.4 Center Mounting Ring Design

The Sunflower collector structural concept requires a continuous structural ring for
supporting the individual honeycomb sectors, The design of this ring for the pre-
prototype collector was based on the calculated launch environment loading. Various
numbers of support points were investigated and resulted in the use of the four attach-
ment points at the Sunflower structure quadripod. No intermediate bracing was used.
A square cross section tubular aluminum alloy member was used to obtain a flat
reference surface for mounting and adjustment of the hinges and sectors. The square
section provided the most efficient box design for both bending and torsion,

In the flight hardware design, it is anticipated that a more efficient weight design can
be obtained by closer integration of this structural ring with the payload structure
and/or launch vehicle structure. In this way, deep section structural design, or at
least additional support points to relieve long curved beam spans and at the same time
accomplish a more evenly distributed load transfer to the launch vehicle structure,
can be obtained.

5.3.5 Stacking Ring Design

The stacking ring is located approximately ten feet from the mounting ring (see Figure
5.2-2). It provides support for the sector bundle during the launch environment. A
circular tubular cross section was used with four attachment points to the quadripod
and no additional bracing. The primary design consideration for this ring was vibra-
tion isolation and damping.

5.3.6 _Vibration Isolation Design

The vibration environment of the relatively flexible honeycomb sectors is the primary
factor in the vibration design considerations. As represented in Figure 4.2-3, the
sectors are subjected to different degrees of vibration in the stowed and deployed
configurations,
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5.3.6.1 Stowed Vibration Isolation Design

In the stowed position, the sectors are supported by:
a. The lower mounting ring
b. The upper stacking ring
c. The intermediate bands

Vibration transmitted to the sectors can be reduced by a vibration isolation system.
Based on the results of preliminary low level vibration testing of the collector and
simulated system structural response, military standard isolators were modified for
mounting the upper stacking ring. Also, the ring was structurally damped by visco-
elastic damping tape (see Figure 5,3-7).

Thus, during the launch vibration environment, the sector bundle will be isolated
from any amplifications or resonances whichmay occur in the system structure at the
stacking ring location. Final design of these isolators must be based upon a detailed
knowledge of the vibrational response characteristics of the system structure.

5.3.6.2 Deployed Position Vibration Isolation Design

In the deployed position, the collector is supported only at the mounting ring. Low
level testing of the ring alone was again used as an isolation design basis. Large
transmissibilities were observed. Since the deployed orbital transfer vibration speci-
fications are quite severe (the same as those generated by the launch engines), isolators
were selected for vibration isolating the mounting ring supporting the 1 "'g!" weight of
the collector. This is the weight which will be experienced by the collector due to
acceleration during orbital transfer. These isolators will be bottomed-out under the
10 "g'" launch load of the collector in the stowed position; thus, no vibration isolation
will be obtained at the mounting ring in the stowed position. The isolators which were
selected are stiff enough so that no appreciable movement of the collector with respect
to the boiler is possible under orbital conditions, thus maintaining optical performance
specifications. Test results of vibration isolation effectiveness will be presented in
Section 8. 3. 3.

5.4 WEIGHT CONSIDERATIONS IN THE COLLECTOR DESIGN

One of the primary collector design objectives is minimum weight within optical and
structural integrity requirements.

Weight, strength, and geometric accuracy are all closely inter-related. The amount
of adhesive and the face thickness used in the sandwich material not only affects weight
and strength, but also optical quality of the collector surface due to the tendency of
this type of construction to dimple in the core cell areas. This honeycomb markoff
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pattern can be controlled by proper processing in bonding the honeycomb part, the
critical factors being uniformity and amount of adhesive. However, adhesive amount
must be satisfactory for obtaining adequate shear-tie for the skins and core.

Achieved and extrapolated flight design weights are shown in Table 5.4-1. The specific
weight break-down for the honeycomb sandwich material was found to result in optimum
trade-off between weight, strength, and geometric quality. It should be noted that the
achieved average sector weight of 5.9 lb for the preprototype collector is due to an
interim design change which incorporated a reinforcing double strip along the edges of
the sector front face. This was required to support stresses formed in the skins
during layup. As shown in Table 5.4-1, sectors without doublers have been fabricated
within weight specifications. However, honeycomb markoff along the edges is out of
spec due to the residual layup stress relief and resultant distortion.

The indicated weight reductions shown in the flight design of lock and hinge hardware
are based upon results of preprototype hardware tests and can be accomplished by
reduction in wall thickness and material changes.

Center support ring weights are not included in this weight summary since efficient
weight design of this member is closely related to integration with the payload and
vehicle structures. The center support ring which was fabricated for the preproto-
type collector assembly weiéhs 21 1b and could be reduced by approximately 40% in
a specially extruded aluminum shape.

5.5 REFLECTIVITY CONSIDERATIONS

Reflectivity is commonly separated into specular and diffuse reflectivity, where the
latter has only detrimental effects on solar collectors. Ideally, a truly specularly
reflecting surface would be desirable. However, actual surfaces, especially of large
sizes, will produce a certain amount of scattering and thereby reduce specularity.
Scattering is produced by small surface areas having a different slope than the average
microscopic surface. These slope variations are the results of fabrication and
mechanical or chemical treatments and are evident as roll marks, scratches, and
etch effects. It then becomes necessary to either eliminate or reduce these slope
variations to acceptable limits.

Having achieved an acceptable, flat surface, the next requirement is to reflect the
maximum amount of the incoming radiation.

5.5.1 Surface Improvement

Since surfaces of materials come with various finishes, an evaluation of the finish and
its effect on the specular reflectance is important, Since specularity is a theoretical
concept, actual measurement values depend greatly on the instrument and its geometry.
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Micro-finish deviations of the surfaces were investigated by obtaining profiles on a
Proficorder. The instrument is shown in Figure 5.5-1 and sample traces in Figure
5.5-2, Although no precise correlation exists between these traces and the RMS
values which were obtained using a standard RMS indicator, there is a relationship

as indicated by the results of the two samples shown, Generally, the greater the RMS
reading, the higher the amplitude on the Proficorder graph. However, this is de-
pendent on the direction of the trace. The highly directional nature of the surface
roughness of the samples is a function of the rolling process. The circumferential
grinding marks of the rolls are duplicated on the sheet in the rolling direction.

To reduce the surface roughness, the final roll or rolls are then required to have the
best finish obtainable. Inquiries to aluminum fabricators as to their capability and
willingness to produce high surface quality sheet resulted in only one favorable response,
from ALCOA. The important findings were: of the high strength alloys, 5052 will yield

the best surface finish but not as good as the lower strength alloy 1145 with a special
process. Applicability of this process to other alloys is doubtful.

Proficorder graphs served well in the initial screening of the submitted samples;
however, when surface finishes of 1-2 micro inch RMS were investigated, the practi-
cal limit of a stylus type instrument was reached and an optical arrangement was
required.

A reflectometer (Figure 5.5-3) was built to continue evaluation of the finer surface
finishes. The basic parts are a monochromator with light source, a pivot with sample
holder, a rotating arm with an attached iP22 phototube, and a photomultiplier micro-
photometer. The combination of geometry and slit adjustments permitted scanning
the resultant light beam in increments of 0.1 degree for intensity measurements.
Green light of 5000 Angstrom wavelength was used in initial screening of specimens
since it represented the maximum intensity plateau of the light source.

First, the source intensity distribution was obtained in the position shown in Figure
5.5-3, then the sample holder with a sample retained by vacuum was placed on the
pivot, the arm rotated to the scanning position, and the reflected beam intensity
distribution obtained. Because of absorption losses, the reflected beam intensity
will not reach the 100% mark. This point is illustrated by the aluminized glass
surface specimen on the graph of Figure 5.5-3, which has a maximum intensity of
92%. The relectometer was designed to evaluate scattering effects and will not yield
total reflectivities. However, all samples must have the same total reflectivity for
a valid comparison. This is accomplished by aluminizing the surface with 99,99%
pure aluminum, by the vacuum deposition process.

Figures 5.5-3 and 5.5-4 show resulting specularity characteristic curves of various
surface finishes. The highly directional nature of the surface roughness was again
visible by the different intensity profiles obtained when scanning parallel or per-
pendicular to the roll marks. The directional effect is not apparent from the re-
flectance curves shown in Figure 5.5-5 which were obtained with an integrating
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sphere of a conventional reflectometer, Curve II of TFigure 5.5-5, however, shows the
substantial reduction in specularity due to the roll mark effect. The directional de-
pendency decreases as the general surface finish improves as shown on Figure 5, 5-4b,
This figure also shows the control points of the surface quality inspection. Although
this sample represented the best surface finish obtainable from the mill, it did not

yet meet the minimum specifications; consequently, other methods of surface improve-
ments were investigated.

Hand polishing, although tried and proved to be effective, was ruled out because of the
large surface areas involved and the difficulty experienced in polishing 0. 003 inch thick
foil,

The other alternatives were chemical and electro-polishing. The latter method pro-
duced a surface quality just meeting the specifications (See figure 5.5-4). However,
an acceptable surface quality can only be obtained with higher purity aluminum and
not with the usually stronger alloys. Also, the large surface areas involved were
outside the equipment capabilities.

Since a satisfactory surface finish could not be obtained on the chosen material by the
discussed means, attention was focused on producing a flat substrate for the evaporated
reflective film by lacquer coating. A 100% solid epoxy lacquer was chosen., Although
the lacquer polymerized and dried at room temperature, an elevated temperature
cure could be applied to insure complete loss of all volatiles. This particular feature
would increase space compatibility and prevent any potentially detrimental effect on
the reflective and protective coating. Although all organic materials are more or
less affected by the space environment, epoxies are in the more suitable category,
The degree to which the material would be affected, however, depends on local space
conditions, such as Van Allen radiation belt and the protection afforded by the reflec-
tive and protective films. Long term space compatibility of the complete coating
system should be experimentally determined,

Sample measurements proved the effectiveness of the coating by increasing the peak
intensity and reducing the wide angle scattering losses. Figure 5.5-3 shows a
comparison of an uncoated and coated material. The amount of improvement de-
pends on the original surface roughness, the thickness of the lacquer, the lacquer-
solvent mixing ratio, and the effects introduced due to the method of application and
environment. Comparison of coated and uncoated glass surfaces shows a small re-
duction in peak intensity on the lacquered surface. This is probably due to some of
the mentioned factors and quite possibly can be eliminated. The imperfections of
the lacquered surface showed up in various forms. Dust particle inclusions and
some conformity to surface variations, depending on lacquer thickness, could easily
be separated. Another common imperfection experienced was the tendency to pro-
duce an orange peel-like surface texture. In addition, cloudiness was found on
some samples or on some areas of larger pieces. Under a lower power microscope,
this cloudiness resolved into a great number of small hemispherical elevations. It
is believed that they are produced by air or solvent entrapment and or by condensed
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moisture from the atmosphere. Surface improvement coating of full sized sectors
will be discussed in Section 6. 2.

5.5.2 Reflective and Transparent Coating

To obtain the highest collector efficiency, the surface reflectivity must be maximum.
Since the solar radiation covers a relatively broad spectrum and reflectivity isa
function of wavelength, both factors must be considered in obtaining total reflectivity.
Reflectance curves for some metals are shown in Figure 5.5-6. Integration of the
reflected solar energy results in a 95% reflectivity for silver and 92% for aluminum.
All other materials were far below this percentage. Although silver has a higher
reflectivity, several undesirable properties, such as poorer adhesion, tarnishing,
and oil vapor effects in the vacuum system, precluded its use for the time being.
Aluminum was therefore chosen for the reflective film.

To obtain maximum reflectivity, pure aluminum should be evaporated in a suitable
vacuum chamber under certain conditions. A special vacuum evaporator, capable of
handling the large Sunflower panels, was acquired. Besides permitting the evaporation
of an aluminum film, the capability to evaporate SiO_ was also required. SiO was

to be evaporated on top of the pure soft aluminum no only to control orbital thermal
characteristics but also toprotect it from atmospheric effects, scratching, etc. andto
permit cleaning during prolonged outdoor testing. The vacuum deposition facility and
process will be discussed in Section 6. 3. Measured reflectivity results will be pre-
sented in Section 7.3.5.

5.5.3 Summary of Reflectivity Investigations

Investigations of the surface finish of commercial foil pointed out the need for surface
improvement. Mechanical and chemical means could not be employed because of the
large surface areas involved and equipment size limitations. Good results were ob-
tained withan epoxy lacquer as a substrate. However, some improvement in the
method of applying the lacquer should be made to obtain the desired surface flatness.
The specially built vacuum evaporator met the design goals and permitted evaporation
of the reflective and protective films. The pure aluminum film reflectivity duplicated
the maximum values obtainable. The SiO protective coat showed, at its best, a 4%
increase in absorptivity (See Figure 7,3-9), This is about twice the anticipated rate
and probably can be reduced by changing the film thickness and providing more oxygen
during the evaporation to obtain a higher percentage of fully oxidized molecules.
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6.0 COLLECTOR FABRICATION

The thirty sectors which make up the collector are fabricated individually and involve
adhesive bonding, surface improvement coating, and reflective coating. A general view
of the fabrication area is shown in Figure 6. 1-1.

6.1 SECTOR ADHESIVE BONDING

Of primary interest in reporting the collector fabrication is the honeycomb sandwich
layup and curing techniques. Sectors were fabricated as individual parts on a single
tool, using vacuum bagging and electrical resistance heat curing.

6.1.1 Tooling

The layup tool is shown in Figure 6.1-2. The surface is made up of reinforced epoxy
and has a floating mounting attachment to the metal support frame to allow differential
thermal expansion. This male tool was replicated from the master female pattern
which is shown in Figure 6. 1-3.

The master pattern was generated by sweeping out the paraboloidal shape using a master
template pivoted at the optic axis. Progressively finer sweeps were made using a quick
drying plaster compound. Prior to replication of the male tool, the master pattern was
optically inspected using a collimated light source and the optical characteristics of the
paraboloid. Metallized polystyrene with adhesive backing was temporarily applied to

the plaster surface at various points and the reflected image of the collimator light

beam was recorded on targets in the focal plane. The collimator can be seen in

Figure 6.1-3. Areas of deviation were located and corrected. General surface
deviations in the areas that were inspected showed that the master pattern was geo-
metrically accurate within nine minutes surface normal rotation from the true paraboloid.

The male tool surface was layed-up directly on the master pattern in successive laminates
of epoxy and reinforcing glass cloth. Electrical resistance heater blankets were also im-
bedded in the lay-up for later use in curing the honeycomb sectors. Also imbedded were
vacuum lines and ports. Attachment lugs were bonded directly into the epoxy tool back
surface, the prefabricated metal frame was attached after curing, and the completed

male tool was lifted from the master pattern. N

The tool design is such that the tool surface is supported by closely spaced adjustable
attachments. By a combination of adjustment and barbering of the surface, the tool
shape can be corrected or modified as determined by the inspection of fabricated
honeycomb sectors. Initial tool leveling and alignment was accomplished using the
optical tooling arrangement shown in Figure 6. 1-2,
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6.1.2 Sector Fabrication Process

The sector layup is accomplished by successive applications of face material, adhesive,
and core with final heat curing to obtain the composite sandwich material. The process
may be outlined as follows: The front skin aluminum foil is pulled from the roll as
received from the rolling mill and is laid over the tool. The foil is trimmed to

the proper shape and tape sealed around the edges. Vacuum is pulled beneath the foil
through the integral vacuum ports and the foil forms to the tool. Creases which form
in the foil are kept outside the part trim line. The foil surface is then cleaned for
proper adhesive bonding. Honeycomb core material is expanded to the proper cell

size and trimmed to the sector shape.

As mentioned in Section 5. 1, adhesive is used only at the core cell walls. To accomplish
this, an adhesive dip application technique was developed. Adhesive is spread on a flat
table to an accurate depth. The trimmed core is dipped in the adhesive film and then
placed directly on the aluminum foil already in place on the tool.

Edge closeouts and fastener inserts are fixtured to the layup and potted.

Back face adhesive is roller-coated on the exposed edges of the core. The previously
trimmed and formed back face foil is applied to the layup. The entire layup is covered
with a polyvinyl bag which is then sealed at the edges. A vacuum is pulled beneath this
bag and the sandwich layup is thus held to the tool by atmospheric pressure.

In addition to the heaters imbedded in the tool, electrical heating blankets are placed
over the bagged layup. Curing is accomplished at 175°F for approximately two hours.

After curing, the vacuum bag is removed and the part is removed from the tool. Finish
hand trimming is performed along trim lines which were scored in the foil while on the
tool.

Special techniques of material handling, bagging, fixturing, and adhesive application
were developed to optimize the considerations of weight, strength, and geometric quality.

6.2 SURFACE IMPROVEMENT COATING

As mentioned in Section 5. 6.1, a 100% solids epoxy lacquer is used to improve the
specularity of the optical face before reflective coating. This coating process was
accomplished on full size sectors by flow coating. A tray-like container was formed
by the sector itself by adding temporary side rails. The proper mixture of epoxy and
thinner was applied to the sector and flow-coated over the entire surface; the excess
was permitted to run off. Epoxy application and heat curing was accomplished in a
positive pressure booth. Radiant electrical heaters were used for curing.
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6.3 REFLECTIVE AND TRANSPARENT COATING VACUUM DEPOSITION
EQUIPMENT AND PROCESS

Figure 6. 3-1 shows a photograph of the installed vacuum deposition facility. The
chamber is a 16.5 ft long, 5 ft diameter horizontal cylinder. To have the chamber

at a convenient elevation for servicing, a pit was provided for the diffusion pump.

It was anticipated that during an 8 hour day, not more than 2 sectors would be coated.
Since the effect of the work load on the pumping cycle could not easily be established,

a 3 hour limit to obtain a vacuum of 1 x 10 ~ mm Hg with an empty chamber was
specified. Also, the pump capacity was to be high enough to prevent excessive pressure
rise during evaporation. To meet these conditions, the manufacturer chose the follow-
ing pumping system:

a. Rough pumping through a separate line by a 300 ¢fm mechanical pump.

b. Fine pumping by a 32 inch fractionating diffusion pump backed by a
6 inch diffusion-booster pump and the 300 ¢fm mechanical pump.

c. When hot and valved off, diffusion pumps held under vacuum by a
small mechanical pump.

All valves are pneumatically operated and controlled from the instrument panel. During
the glow discharge or SiO evaporation, vacuum can be held at the required levels by
bleeding air into the chamber through a needle valve. A micrometer head aids in the
valve setting., This arrangement permits continuous pumping during the process cycle.
Pumping can be done by manually selecting rough or fine pumping or by setting the
controls at automatic. The system performed well within design limits. The empty
and clean chamber was evacuated to 1 x 10 ~ mm Hg in 2 hours. A typical process
cycle can be completed in 3-5 hours. The time required depends largely on the
workload and atmospheric conditions, A cycle consists of the following:
-4

a. Evacuation into the 10 mm Hg range.

b, Bleeding of air into the chamber to about 40 microns.

¢. Glow discharge cleaning for 10 minutes.

d. Continuation of pumping to 1 x 10-5 mm Hg.

e. Evaporation of aluminum.

f. Bleeding of air into the chamber to 4 x 10_4 mm Hg.

g. Evaporation of SiO.
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The only requirement for the aluminum film is that it reflects the maximum amount
of the incident radiation. This can only be achieved if several factors are considered.

a. The film must be gpaque to solar radiation. The corresponﬂlng thick-
ness is about 600 A or slightly over 2 millionths of an inch.

b. The film should not be more than a few times the required thickness or
otherwise the resultant large grains and surface roughness would de-
crease the specular reflectance,

c. The angle of incidence of the aluminum vapor on the substrate should
not exceed 45°, Greatef a%les also produce rough surfaces with the
3,
same result as item b,

d. The film should be evaporated in the shortest time, preferably below
20 seconds. Long evaporation rates tend to increase fBelsAlubstrate
temperature with the same result as the other items. '’

e. Evaporation pressure should be in the low 10.5 mm Hg range. At high
pressures, a marked decrease in reﬂefﬁie (especially with lower
evaporation rates) has been observed. "’

The easiest method to check for opaqueness was found by looking at the sun through the
deposited aluminum film on a glass substrate, If no light is visible, the film is opaque.
If the sun appears as a pale disc without any discomfort to the eye, the transmissivity is
about 0.01%. This is about the brightness of the moon. A transmissivity of 0.1% is
already too much for the eye. These comparisons were obtained by measuring the
transmissivities of green light, 5000 Awavelength, with a photometer.

To obtain an opaque film, several evaporation filament types were tried. Figure 8. 3-2
shows the various configurations. Types A and B are cylindrical with their center line
in the direction to the substrate. Type A did not produce an opaque film. Type B
improved the situation only a little, although it had twice as many windings.

To increase the amount evaporated in an upward direction, basket type filaments

were tried. Type C made from thinner tungsten wire collapsed but type D proved
satisfactory. The necessary power is supplied by a 50 KW saturable core reactor

with an output of 2850 amperes. The lines carrying the current are rubberized braided
copper hoses with internal water cooling. The angle of incidence of the vapor atoms is
controlled by stainless steel sleeves around the filaments.

Si0 is evaporated from tantalum crucibles (Figure 6. 3-3). They are made from three
concentric cylinders, the innermost holding the Si0 granules around the filament and
the outer two serving as radiation heat shields. The filament ends pass through in-
sulators at the bottom to the conductors. :
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Evaporated silicon monoxide has an amber-brown color. At certain conditions, all
colors of the spectrum were produced. To obtain a transparent non-absorbing coat,
silicon monoxide must be evaporated in an oxidizing atmosphere to obtain a chemical
composition of Si_0_ to Si0_. 6,9 By bleeding air into the chamber during evaporation
and adjusting the needle valzve to obtain a pressure of 2 - 4 x 10-4 mm Hg, sufficient
oxygen is supplied for oxidation.

Maximum reflectance from a protected surface is obtained if the coat thickness is one
half of the wavelength of the radiation. Since the solar radiation covers a broad band
and the angle of incidence to the paraboloid varies from the inside to the rim diameter,
optimum thickness and permissible tolerances were calculated. Optical constants
were only available for the range from 4000 A to 9500 A of the solar spectrum and the
corresponding thickness was found to be 1000 A +20%. This would result in a 3/4%
reflectance variation from the high to the low point. However, it seems improbable on
such a large structure that all points could have a thickness bordering the tolerance
band. Reflectance tests to verify these calculations and to extend the values beyond the
calculated spectrum width should be conducted.

To meet the tolerance requirement, 37 filaments were spaced (Figure 6. 3-4) so that
their evaporation patterns blended into each other. Locating the evaporators at ele-
vations similar to the curvature of the sector permitted even spacing for the full length.
Having determined the location of the Si0 sources and letting the aluminum sources
share the same common power line determined the number and location of the aluminum
filaments. This insured a fairly uniform thickness of the aluminum film.

Initial heating of the filaments and charges results in some outgassing. At the evaporation
pressures, the outgassed vapors will travel in a straight line and condense on the sub-
strate. To prevent contamination, a shutter, running the full length of the chamber, is
closed until deposition is started.

On top of the shutter are two electrically insulated aluminum bars serving as cathodes
for glow discharge. The bars are 16 ft long, 2 in. wide and 1/4 in. thick. An evapora-
tion shield was added toward the center of the chamber so that evaporated Si0 will not
deposit on the bars. Otherwise, the glow will quickly diminish and render the attempted
cleaning process useless. Figure 6. 3-5 shows the glow as seen through the lower sight
port.

Ionized gas will heat the substrate it bombards. Measuring the temperature will there-
fore give an indication of the effectiveness and uniformity of the cleaning process.
Figure 6. 3-6 shows the temperature distribution for some test runs. Ideally, a flat
temperature curve is desirable. However, having a doubly curved surface with varying
widths makes the attainment of this goal rather difficult. An improvement can be
expected by twisting the aluminum bars at the wide end of the sector toward the outside
to reduce overlapping of the ion pattern in the center.

As can be seen, the resultant temperature rise at constant current is also a function
of the residual air pressure. Higher pressure tends to carry more of the heat away
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by air conduction and convection. The glow pattern greatly diminishes as the pressure
is reduced below 20y and stops at about 8y when the maximum potential of 5000 volts
dc is reached. In this range, the current drops also, requiring constant adjustment.

Glow discharge cleaning cannot be reliedupon as the primary substrate cleaning
technique. It will only remove contaminations usually left after other cleaning pro-
cesses. It was therefore necessary to clean the substrate carefully before placing it
into the vacuum chamber. Many cleaning processes are described in literature. They
are designed to obtain utmost cleanliness but were developed for rather small substrates
of a few square inches. Trying to apply these methods to about 30 square feet is, from
an economic point of view, not possible. Chemical cleaning could not be employed since
most chemicals would attack the substrate and degrade the surface finish. The best re-
sults obtained so far employed washing with a 2% Aerosol OT solution in distilled water
until no water breaks were observed. This was followed by several rinses of distilled
water.

Several port holes were provided in the evaporation tank to observe the various pro-
cesses and to afford control.

Eliminating potential personnel hazards and protecting the equipment were two of the
many considerations in the design of this unit. The following safety features were in-
corporated.

a. Internal lighting.

b. Circuit cut off switch in chamber flange to prevent opening of valves
when door is open.

c. Safety chain to prevent closing of door. One end is permanently
fastened to the outside and the other end is hooked up by the operator
when inside the chamber.

d. A one minute time delay switch in the valve opening circuit.

e. A dead man switch on the inside of the door, again to interrupt the
valve open circuit,

f. Pressure limit switch to prevent accidental closing of high voltage and
filament power when door is open.

g. Coolant flow limit switch to cut off vapor pump heater during low flow
or water failure.

h. Critical valves in fail safe position, closing during air pressure failure.

For ease of servicing, the evaporator assembly, shutter, and sector fixture can be
rolled out of the chamber onto a carriage as needed. The carriage wheels are guided

114




inside a channel track to insure alignment of the individual dolly tracks on the carriage
with those inside the chamber.

Since the concurrently running surface improvement efforts indicated, toward the end
of the program, the need for a lacquer coating, a change had to be made in the evapora-
tion cycle. It was found that an intermediate film of Si0_ between the lacquer and the
pure aluminum film increased the adhesion of the aluminum and decreased the suscepti-
bility to thermal shock flaking during hot water tests. The Si0_ film also would provide
an effective diffusion barrier for any volatiles still present in fhe cured epoxy lacquer.

The thickness of evaporated Si0_ films could be continuously checked during the evapora-
tion by observing the color spec)érum of light which it reflected. A diffuse, low intensity
white light beam was reflected from the substrate at an angle of 80° from the normal.
The reflected light was observed through a viewing port. Initially, the light only re-
flected and appeared white. But with increasing film thickness, refraction and inter-
ference produced colors cycling through the visible spectrum. To initially establish

the color-to-thickness relationship, optical flats were coated until a particular color
appeared. The thickness was then measured with an interferometer and plotted as a
function of color and spectrum number. The resultant plot, Figure 6.3-7, was then
used to predict film thicknesses.

Measured results of the reflective coatings obtained will be presented in Section 7. 3.5.
6.4 PREPROTOTYPE COLLECTOR FABRICATION TECHNIQUE DEVELOPMENT

During the fabrication of the thirty sectors for the preprototype collector, improve-
ments in the processing and handling techniques were continually being made. In
many cases, however, these developmental improvements were not made because they
were beyond the reduced scope of the Sunflower program redirection of January 1962,
which defined the preprototype collector as primarily a structural integrity develop~
ment copy.

Some of the compromises which were made during the fabrication period will be listed
here to qualify the inspection and test results to be presented later,

a. Only nominal adjustment and barbering of the tool surface was made
to optimize geometric quality.

b. Reinforcing doublers were added, as stated in Section 5.5, to prevent
markoff and peeling due to over-stressed edge condition,

c. No reflective coating was put on the majority of the sectors. Only
sectors which were solar tested were reflective coated.

d. Preprototype detenting locks were used only at the tips of the sectors.
The intermediate locks were simulated by aluminum straps.
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6.5 PREPROTOTYPE COLLECTOR ASSEMBLY

Accurate assembly of the thirty segments of the paraboloid is accomplished by a com-
bination of optical and geometric references. Figures 6.5-1 shows the collector as-
sembly area and partially assembled preprototype collector. It is seen that the entire
area is covered by a circular over-head crane arrangement for use in optical in-
spection and for access to the upper areas of the stowed collector. Mounted on the
observation platform of the crane is a grid-screen arrangement for optical inspection
and a ten-inch diameter collimated light source for optical alignment.

Located at the focal point is a projection lamp which illuminates the collector surface.
Reflected light from the collector will be nominally parallel to the optic axis. Deviation
from the true parabolic surface can be observed using the grid-screen arrangement.
Additional discussions of this inspection concept will be presented in Section 7. 0.

Sector-hinge subassemblies are geometrically positioned on the center support ring
by sighting reference targets on the sector using a transit. During assembly, the
sectors are supported by fixtures from the floor. The collimator is used for final
alignment to optimize the optical characteristics of the individual sectors.

The entire assembly concept is designed to establish the optimum zero gravity shape

for the assembled collector. Before assembly, each sector is optically inspected in

its free or zero "g" shape using a grid-screen inspection similar to that on the assembly
rig. This will be discussed in detail in Section 7.0. Photographs of the grid pattern
are taken to record the inspection. The orbital collector assembly can then be made by
using the inspection photographs as the shape control. The sector support fixtures are
used to prevent sector dead weight deflections; with adjusting screws, the sector is ad-
justed to match the free position inspection photographs by comparison with the grid-
screen arrangement on the assembly rig. As the sectors are positioned in their zero
"g" position, the locks are attached without distorting the sectors. In this way, stresses
induced in the sectors by the assembly will be minimized; thus, the zero gravity optical
characteristics can be controlled.

Intermediate to the optical and geometric alignments in the parabolic shape are periodic
checks of the sectors in the stowed position for symmetry and additional hinge adjust-

ments.

The assembled preprototype collector is shown in Figures 6.5-2 and 6.5-3.
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SUNFLOWER PREPROTOTYPE COLLECTOR STOWED POSITION
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7.0 INSPECTION AND OPTICAL TESTS
7.1 GENERAL COMMENTS ON OPTICAL TESTING

Evaluation of paraboloidal mirrors can be easily determined using the optical character-
istics of the mirror. Various approaches to optical testing using these characteristics
can be pursued. In the Sunflower development program, two specific optical test ap-
proaches were selected and adapted to the collector characteristic of large size and
relative optical quality range. These two approaches are:

a. The useof a collimated light source parallel to the optic axis, which will
ideally reflect to the focal point.

b. Theuse of a point source of light at the focal point to illuminate the
collector and ideally reflect collimated light.

Several collimators were built and used for alignment and testing. A point source -
grid screen system of inspection was designed and built as the primary inspection
device for both single sectors and the complete collector.

7.2 TEN FOOT DIAMETER COLLECTOR MODEL OPTICAL INSPECTIONS

Early in the Sunflower collector development program, optical inspection tests were
performed on a ten foot diameter petaline solar collector which was previously fabri-
cated on a company-sponsored research program. The collimated light source shown
in Figure 7.2-1 was used in a ray trace type test to determine geometric accuracy; a
photometer was used to investigate optical characteristics such as reflectivity and
concentration effects.

The primary results of this testing were the establishment of test procedures and data
analysis methods suitable for the full scale Sunflower collector. It was established
that the collimated light ray trace procedure was excellent for optical alignment and
positioning during assembly; but for inspection of extremely large surface areas such
as the Sunflower collector, a more rapid means of inspection was desirable, Also,
even acollimator for use as an alignment and assembly tool should have a large aper-
ture to average a greater portion of surface area. Photometer measurements estab-
lished that reflectivity of the composite surface could not be determined accurately due
to the curvature and local concentrations caused by the honeycomb cells. Using these
conclusions and based upon the specific characteristics of the Sunflower collector, the
following general areas and methods of geometric and optical inspection was established:

a. Measurement of gross geometric errors by use of the point source - grid
screen method.

b. Measurement of honeycomb markoff and surface finish with a profilometer.
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c. Reflectivity measurements on a flat specimen basis using standard
spectral reflectometers.

7.3 SECTOR INSPECTION

7.3.1 Types of Surface Deviations

The following specific areas of surface deviations have been identified and measured:
a. Spring - back
b. Gross waviness
c. Honeycomb - markoff
d. Random markoff
e. Surface micro-finish

These types of deviations are represented in Figure 7.3-1, Spring-back was observed
as a general longitudinal flattening-out of the sector. It is caused by relief of stresses
built-up during the fabrication process. Gross waviness deviations are in the form of
large period waves along the sector length or of flat spots in the parabolic shape; they
are caused by errors in the tooling master or replication.

Honeycomb markoff, as mentioned previously, is characteristic of the Sunflower col-
lector sandwich material. Random markoff is the term used for effects such as edge
discontinuities, core splice areas, and fastener area markoff. This random markoff
was found to involve very small amounts of surface area and, when proper consideration
is given in design, processing, and handling, this source of error can be considered
negligible. Surface micro-finish is a deviation which is associated with reflectivity
more than geometric accuracy. It was discussed in Section 5.6.1.

7.3.2 Sector Optical Inspection Facility Description

Gross waviness inspection of the finished sectors is made by using the optical character-
istics of the paraboloid. The part is mounted in the inspection fixture shown in Figure
7.3-2 using a template referencing system,

Since the individual sectors are quite flexible in a direction normal to the optical surface,
the part is supported on edge at both ends in pivoting supports, This allows the sector

to assume its free position, thus simulating a zero gravity inspection. Located at the
focal point of the sector is a small light source which illuminates the sector. The re-
flected light from the sector is nominally parallel to the optic axis by virtue of the optical
characteristics of a paraboloid. By viewing the grid-screen arrangement which is aligned
to be parallel, deviations of the reflecting surface of the sector are observed as misalign-
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ment of the grid shadow on the screen. The shadow box traverses the entire length of
the part and photographs are made of the screen to record the deviations. Dimensional
measurements are also made and recorded using the template coordinate system.

7.3.3 Sector Optical Inspection Results

A typical grid screen inspection photograph is shown in Figure 7.3-3. It is seen that
error deviations in both the radial and circumferential directions can be measured. A
composite photograph of sector SPTR-1 is shown in Figure 7.3-4.

Error indications for each increment can be measured. By using a geometric relation-
ship, the gross angular deviation of the surface at each location was plotted as shown
in Figures 7.3~5 and 7.3-6 for the radial and circumferential deviations, respectively.
Spring back effects can also be seen.

An indication of optical quality can be obtained from this data by relating surface area
to the surface deviations. Figure 7.3-7 shows the percentage of collector intercepted
area which is within various degrees of quality. The shaded area shows the range of
differences between a row of data points along the centerline and those at the edges.
The spring back is also shown plotted, and in the worst case would be additive with
the gross waviness.

Figure 7.3-6 shows that the measured circumferential errors are large and are an
overcurvature of the sector in the short direction. This characteristic was traced

to be a permanent set which had occurred in the fabrication tool after several curve
heating cycles.

7.3.4 Honeycomb Markoff Inspection Results

The honeycomb markoff, which is typical of the Sunflower collector material, was
investigated using the proficorder shown in Figure 5.5-1. This instrument not only
plots micro-finish but also can be adjusted to plot waviness profiles. Typical honey-
comb - markoff profiles are shown in Figure 7. 3-8 for specimens which were actually
cut from sector SPTR-1 after solar testing (see section 8.1.1), These show the best
and the worst cases of honeycomb markoff which were observed. For SPTR-1, an
estimated 40% of the surface had the lower value of markoff, while the remainder was
between the 6 minute minimum and the 26.4 minute maximum. With improved process
control, itis believed that 95% of the surface would have cell markoff within the lower
slope deviation,

Since the surface deviation in a cell varies over the hex (Figure 7.3-8), these typical

slopes can be area-weighted. The results are shown in Figure 7.4-1 for the measured
data from SPTR-1, Other sectors which were inspected showed similar characteristics.
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PROJECTION GRID INSPECTION RESULTS

FIGURE 7.3-3

127

(-4
Oz
@ O
us =
w <
(ON©)
=)
& Z—
o
35 £
n
N i
: SR o o e 1
. b Z [ IR [ _ I [
ouv < -
(%] e o 4
T O — U Ay pamas e _ _
a Z S O< M ifi X
o | I | I Z
29 : 9 j > &
N Q (I £ Iy U | S (A P {Lw_
z & =~ Z 0 = sonlly | ==
33 Z — 05— === = a 3 &5
= Q o (@) ] RN v ! < LW e
(o] b 3z | i v I I ||z
i = =o oo ple__plL__pL__JI¥ LA=
o n M — L .Dm Ot
S P R R
sl [ ! (Rl | §) | o
< H BL | | F_Cw_ w
m _— s e LB o nm m‘ hTH
2 = Smo (Rl (Rl Y £ 52 ._nM.l
] =L 1 | | 1
i
PR | I [ S U | E— L4 - —J Lt L_¢—
e I iy |5 i ot —-—— -
R BL I |
1y Rl i | ! )
I T N TN [N ' (R (IS
ol O oo || sy [ Uit B aoiiti
i 1l ] '
I h 1 | t | g
- N T ([ i [
==o n.ll-. Saa g
u “ _ . " f
L [ip———
\ “




1-41dS ¥90.LDJS

FIGURE 7. 3-4

128



L81 9L

91

141

‘H°0 OL "¥'I - STHONI - NOLLVDOT IVIAVYH

£v1

(431

121 o1t 66 88

LL 99

SS

\
e \[\ @

MOVE-ONIYdS
HOJ4 4d9Y¥ OHAZ

r
SSANIAVM SSOUD

e
HOJd d3Y O¥3IZ

E{

i

~

T Y1dS

SNOILLVIAZQ TVIAVY SLTINSTY NOLLDIJSNI TVOLLdO

800"

900"

$00°

200"

00"

¥00°

900"

800 °

0100°

SNVIAVH - uﬂ - SNOLLVIAQQ 'TVIWYON ADVAUNS

FIGURE 7.3-5

129




HOLO3S 40
3903 LHOMN DNOTY

\ AN

f
I
e ¥ A o v i e \ T S ook s o T o
! ! | ]
L B g ¢ £p z 121 o011 66 i3 i
g e : " , ’P ' STHONI - NOLL¥DOT TVIavy b\\ ;
- 1/ R -0
k\ N / \
R i SEFASER Y. AR\EErA
/
’ A ~ Ny y SRAY
/ / a5a3 :mf\
v \ /
X 1
\/ |\ \

o

‘.l

020"~

810"~

910°-

v10°-

210"~

010 '~

300 -

00"~

00"~

00"

00 °

900°

300°

g10”

Yo’

910"

310°

T-HL-S
SNOLLVIAZA TVIINTIYIINIOYUID SLTASTY NOLLOA4SNI TVILLLO

900 -

# - SNOLLVIAAU TVWYON dDVJIUNs

o]

SNVIAVH -

FIGURE 7. 3-6

130




%
A

JISAIIS
SSESIrises
.........

.....

..........
........
---------

¥ SIPEREIAE
N SRR
--------------
..........
ARSI

-

-.

SRIITRIIIEY k) )
RIRIREE

SENEIISIIIE




q8-£°L JYNOII

N A VO A O DA OO WO OO WO VA WO S Voo v L\ A W VR WO VOO Wit W YN WA VO W
N S O O VA VR Y Y U VA WO VAN W ot VO W W v L VA | U W VO VAL VA WO VA W |
U Y VO YN O W VA W W YO N W ot W VA U VN W - W W WD | R O O W D
S VY Y T A W R O W VNP oS WSO VN W NV O R . - W D O W | W V|
1 e V0 1 - rr v vA L
) | | AN \ ,
- +#000°0 L/ A |
- pd N ”
N A N
‘l/ \ CL— < =IH]
: I ] 1 I ]
[ ] ] NOwdswy duvat — 1 111 &1 /@717 7T [ J | ] |
1T 111117 =1 71T 17 77 [ Ji] |/ 17 17 1 [ 1 7
O A A A R N R & A Y Y A Y A A R R |77 I J [
7171 {1 1 1 1 71717 71T 17 [ I [ I [ [ 1 \o. .w\ 7 1 777 T I [ 4
1L1 NHOLLVIS 1 H1dS Z0 "'IvOIldLL
N
e
#g-€°4 AUNOLI
N N N VO A O O W N W O W W WO WA | N N O VA VN N W WO WA WO WA ,
" A O W W " A WV W W W W W WO VA VN VO | O W W
" S VW VO VA O VN O W WO VO W VU VO WO W | W VA VU WU WA
Y Y W W A W W U VYV W W VW W | A Y YO Y W W
A W W A S Y VA A W Y W VS U O W Y W MR | A T
ol 1 1 | A I T )
] 11 1
- "NOLLONNA NIS0D ——
l —
— T |
|
T I | | 1 | I A T I Y A I Y I A Y A A I A N
Y1111 11 1 1 7173717 7 [ ] [ /[ 1 T T T |
| I A B Y N Y B A N A S S N A A D R A A R [ | ]
|71 1 1 ] [ 7 77 ] ] ] ] A Y A A A A A A
7 11 1 71 1 1 1 717 1 7 7 7 71T 1T [ I I J N A A Y |

JJONHYI ENOJXINOH J40 IDVHL HITHODII0Hd




7.3.5 Reflective Coating Results

Reflectance values of various samples produced during the Sunflower development pro-
gram were obtained at the Space Technology };aboratory. The STL spectrophotometer
has been described by Bevans and LeVantine . Spectral reflectance curves for some
samples are reproduced in Figure 7.3-9. Graph number 1 shows the spectral reflecti-
vity of pure aluminum deposited under ideal conditions on fused quartz. It represents
the mean of many samples and is quoted as being representative to within + 2% in the
ultraviolet range and : 0.5% elsewhere,

Curve number 2 represents STL data of a pure aluminum film evaporated on a 0. 002 inch
aluminum foil having a 1.5 RMS surface finish., The small reduction in total reflectivity
could be assumed to be partially due to the expected tolerance and the effect of the surface
finish. Generally it can be stated that the reflectivity decreases with increasing surface
roughness; however, this must be tempered by the effect of the magnitude of the surface
slope variations.

All other curves show the interference effect of the thin SiO protective coat with their
wave pattern. To be non-absorbing, the protective film shdild be in effect one-half
wavelength thick. However, because of the large spectral region covered in the solar
spectrum, this condition can only be obtained at a certain wavelength. A reduction in
reflectivity over the whole spectrum is therefore unavoidable. By properly selecting
the SiOx thickness and taking into account the change in optical path length due to the
varying surface slope along the radius of the collector, an optimum overall reflectivity
can be obtained.

Curve number 4 shows the reflectance loss of a slightly transparent aluminum film,
where the losses are substantially greater in the UV range than elsewhere. This points
out the dependency of the film thickness on the wavelength for opaqueness.

Curve number 5 indicates the effects of the clear lacquer coat and the aluminum foil
on a slightly transparent aluminum film,

Curve number 6 shows the weathering and repeated cleaning effects during prolonged
outdoor testing and storage of a sample on the single panel test rig. Again, the
reflectance reduction is more pronounced in the UV and visible range than in the
infra-red. At 2.0p wavelength, the reflectivity was the same as the other samples.

7.4 OVERALL GEOMETRIC QUALITY OF THE SUNFLOWER SOLAR COLLECTOR

The geometric quality of the collector surface is a function of the factors listed in
Table 7.4-1.
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TABLE 17.4-1

TYPE OF DEVIATION REPRESENTATIVE SURFACE DEVIATION PLOT
Gross waviness Figure 7.3-5 (p. 129)
Spring - back Figure 7.3-5 (p. 129)
Honeycomb markoff Figure 7.3-8 (p. 132)
Deployment positioning . Figure 8,3-20 (p. 178)
Environmental structural loading Figure 8.3-23 (p. 181)
Thermal distortion Figure 4,2-15 (p. 68)

As presented in this report, these factors have been investigated analytically and
experimentally. Each factor's individual characteristics are represented in Figure
7.4-1 for comparison. Direct summation of all these curves would give the maximum
possible surface deviation; however, a more accurate description of the collector
geometric surface deviations was obtained by algebraic summation of the surface
normal deviations at each radial location from the curves listed in Table 7.4-1.

This net summation is shown in Figure 7.4-2 and represents the best observed and
extrapolated results from the Sunflower solar collector development program. Extra-
polations were made to the orbital or flight design case as indicated in the appropriate
section's discussion. Also, honeycomb markoff is not included in Figure 7.4-2 since
it has a separate distribution which is superimposed over the entire surface area.

From this combined surface error plot, the distribution of error for a single sector
was obtained and extrapolated to the entire collector surface area. This is shown in
Figure 7.4-3. This extrapolation was made by assuming that the errors from the
remainder of the paraboloid would be the same as the single sector, and thus symmetri-
cal about the optical axis. Thus, by summing positive and negative occurrences of the
same deviations, the symmetrical distribution for the entire collector is obtained.

This then represents the typical distribution of surface errors for the Sunflower solar
collector, Comparisons with analytical models were presented in Section 4.1,
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8.0 DEVELOPMENTAL TESTING

Testing was performed during the development program to evaluate and develop a
component which was capable of withstanding the operating and nonoperating environ-
ments to which the Sunflower system will be subjected. This developmental testing in-
cluded performance testing, optical inspection, and environmental testing,

8.1 PERFORMANCE TESTING

Performance testing of the Sunflower solar collector consists of calorimetric measure-~
ments of collector efficiency when illuminated by solar energy. These tests were per-
formed on a single panel (1/30 of full paraboloid), and plans and a facility were pre-
pared for efficiency tests of a complete full size collector.

8.1.1 _Single Panel Performance Testing

The single panel testing was performed on individual collector panels where the sun
was used as the energy source,

8.1.1.1 Test Rig Description

The test rig which was designed and built specifically for this purpose is shown in
Figure 8.1-1. It consists of a structure for holding the test panel in the proper geo-
metric location with respect to the focal point, where the calorimeter is located.

This structure is cradled in a pivoting base, thereby providing an altazimuth mounting
arrangement, Dc servo motors and gear reductions at each pivot axis drive the rig to
keep the optic axis of the collector continually pointed at the sun, The drive motors are
controlled by a tracking system which consists of sun sensors, servo amplifiers, and
amplidyne generators. With this arrangement, the rig will track the sun automatically
or it can be controlled manually. The entire rig is portable so that it can be taken in-
doors for panel mounting when not testing,.

8.1.1.2 Instrumentation

Instrumentation consists of an Eppley normal incidence pyrheliometer mounted directly
on the rig to measure the incident solar energy level, an optical tracking scope and a
visual alignment target which is calibrated for operating at various misorientations,
and the calorimeter for measuring the reflected and concentrated energy.

The calorimeter is a circular cavity type receiver made of aluminum tubing. The
exterior is insulated to minimize heat losses. The cavity opening is such that aperture
openings of various sizes can be fitted. Water is continuously circulated through the
calorimeter tubing and by measurement of the flow rate and temperature rise, the
collected energy is calculated and compared with the measured incident solar energy.
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8.1.1.3 Test Description and Results

Single panel performance testing consisted of three specific phases:
a. Focal plane image investigation
b. Calorimetric tests
c. Calorimeter heat loss determination

To investigate the concentrated image, stainless steel plates were placed in the focal
plane to intercept all the concentrated energy. Typical high temperature portions of
the image are shown in Figure 8, 1-2. By the use of temperature sensitive paints,

an approximate temperature profile was obtained and is shown in Figure 8.1-3. If
this profile is rotated about the optic axis to simulate the opposite symetric portion of
the collector, an estimate of the total flux profile is obtained, being qualified by con~-
vection and conduction effects on the steel plate. This is also shown in Figure 8. 1-3.

Calorimetric tests were conducted with various aperture sizes to determine the over-
all performance efficiencies of several typical Sunflower panels.

Results of these tests are shown in Figure 8.1-4. They will be discussed as qualified
by the calorimeter heat loss determination phase of testing.

The following types of losses were investigated:
a. Radiation from the calorimeter cavity
b. Reflection from the calorimeter cavity
c. Conduction from the calorimeter
d. Convection losses around the calorimeter

The combined losses are also shown plotted in Figure 8.1-4. Radiation from the
cavity was calculated using measured temperature levels on the internal surfaces of
the cavity and a graphically determined varying view factor for various aperture
openings. Reflection losses from the cavity were determined in a bench type test by
illuminating the cavity with an artificial light source and measuring the incident and
reflected intensity with a photometer. By comparing these relative intensities, it was
determined that reflection losses from the cavity were very low, indicating excellent
black body characteristics. The level of convection and conduction losses was esti-
mated by running water through the calorimeter with no solar energy input and
measuring the heat lost to the ambient. The combined losses curve in Figure 8. 1-4
increases as the aperture decreases. This is mainly due to the conduction and con-
vection which remained relatively constant while the energy entering the cavity de-
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creased, thus becoming a large percentage.

Applying the combined losses correction to the measured data results in the solid
curve. This is to be compared to the design curve. However, since the design curve
was based upon an ideal reflective aluminum surface, a portion of the difference
between design and measured can be attributed directly to reflectivity. Total and
specular measurements of reflectivity, as defined in section 5. 6, were made of speci-
mens typical of the tested panels. The portion thus accounted for is also shown in
Figure 8. 1-4.

Due to off center peaking of the temperature profile shown in Figure 8. 1-2, the geo-
metric position of the panel was checked after testing and found to be misoriented ap-
proximately 0.3°; however, misorientations of approximately the same magnitude did
not result in a measurable change over the test interval.

Additional misorientation performance data was not obtained during this phase of
testing, due primarily to lack of sufficiently clear weather during the scheduled test

period,

8.1.2 Full Size Sunflower Solar Test Facility

To allow direct experimental determination of full scale collector energy efficiency and
to provide the logical developmental step of collector and system integration and evalu-
ation, the solar test facility shown in Figure 8. 1-5 was designed and fabricated. No
testing has been accomplished during this phase of the development program.

The test facility consists of a rigid forty foot diameter paraboloidal dish which serves
as a structural support for the 32. 2 foot prototype light weight aluminum collector.
The outer four feet of the rigid dish is reflective-coated to supply additional power to
the system for various phases of testing. The entire rig will track the sun automati-
cally, using a tracking system similar to that described in section 8. 1. 1.1 for the
single panel test rig,

The rigid dish is fabricated of Kraft paper honeycomb core with resin impregnated
fiberglass skins. The fabrication procedure and tooling are similar to that described
in Section 6. 0 for the preprototype collector. A typical layup is shown in Figure 8. 1-6,
A finished panel is shown in Figure 8.1-7. The attachment points for the light weight
collector can be seen, They serve not only as attachments but also as adjustment
points from which desired deviation can be programmed into the prototype collector to
simulate zero gravity shape (as established by the procedure outlined in section 7. 3)
and/or typical thermal distortion modes. This orbital shape simulation capability
provides a practical method for ground tests of large, light weight solar collectors.

The entire rig is housed in an electrically actuated movable shelter. This test facility

is located at Thompson Ramo Wooldridge's West Coast Laboratory in Inglewood,
California.
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8.2 Optical Tests of the Preprototype Collector

As was mentioned previously, optical testing and inspection of the completely assembled
collector was accomplished by a point source-grid screen arrangement. This system,
shown in Figure 6.5-1, has the capability of traversing the entire collector surface
area. By moving the grid-screen box in radial increments, composite inspection photo-
graphs were made of sectors for direct comparison with the single sector zero "g" in-
spections.

A major problem in determining the optical characteristics of the complete preprototype
collector is that the structure is weight-designedfor performance in a zero gravity en-
vironment and yet can only be tested in the one "g" environment of the laboratory.

Since the assembled collector must be supported by auxiliary support stands to main-
tain its optics in the gravity environment of the laboratory, a true evaluation of the
orbital zero "g" optical characteristics is obtained by a combination of single sector
inspection results (see Section 7. 3. 3) and comparison inspections of the assembled
collector before and after various environmental tests. These comparison inspections
of the assembled collector are performed with the auxiliary support stands removed
and the collector assembly deflected to its dead weight shape, In this way, the col-
lector is not restrained and any shape changes caused by the environmental testing
will be observed.

Comparison inspection photographs were obtained during various phases of the develop-
mental testing and typical results will be presented in Section 8. 3. 4.

8.3 ENVIRONMENTAL TESTING

Environmental testing of the full size preprototype collector consisted of the following
tests:

a. One "g" orbital transfer acceleration loading in the axial direction.

b. Deployment dynamic loadings.

c. Launch vibration spectrum in the stowed position,

d. Orbital transfer vibration spectrum in the deployed position.
The objectives of the environmental testing were to obtain developmental information
concerning loads, stress conditions, modes of deflection, and general structural inte-
grity characteristics which would aid in efficient and reliable prototype design. Also
to be determined was the relationship of the structure and locks to geometric shape
and optical performance. The tests were planned, therefore, to separate the various

environmental and performance conditions sothat the individual effects could best be
determined. For this reason, comparison optical inspections (using the equipment
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and procedures described in Section 8. 2) follow each test phase to determine any geo-
metric or optical deviations. The collector is not externally supported and is in its dead
weight position during inspection.

The following test chronology was used to accomplish the above stated objectives:

a. One "g" (dead weight) structural test with rigid rim locks only.

b. One "g" (dead weight) structural test with rigid rim and intermediate
locks.

c. Optical inspection.

d. One 'g" (dead weight) structural test with prototype rim locks and rigid
intermediate locks.

e. Optical inspection.
f. Deployment test.
g. Optical inspection,
h. Vibration testing.
i. Optical inspection,
Results of these tests and appropriate comparisons will now be presented.

8.3.1 Dead Weight Structural Testing

To simulate the one "g" orbital transfer acceleration loadings on the deployed collector,
the auxiliary support stands used for initial assembly were removed, thereby loading
the collector by its own weight. A view of this test set-up is shown in Figure 8.3 -1.
Note that the collector is supported only at the center mounting ring. Strain gage instru-
mentation and the optical transit can also be seen.

Surface strain data were obtained at various locations on the collector from which the
typical stresses shown in Table 8. 3-1 were calculated. Deflection data were also
obtained and are shown plotted in Figure 8.3-2. It is seen that the stress levels are
appreciably reduced with the addition of the intermediate locks due to the reduction of
the bending in the long or radial direction of the sectors. Comparison of the rigid
strap locks and the preprototype lock condition shows that the flexibility of the pre-
prototype lock increased the load on the intermediate locks and produced increased
deflection and generally higher stresses. Results of optical reference inspections will
be presented in Section 8. 3. 4.
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TABLE 8,3-1

DEAD WEIGHT STRUCTURAL TEST RESULTS

STRESS PSI
LOCKING RADIAL |CIRCUM.|RADIAL |CIRCUM.| RADIAL |CIRCUM.| RADIAL |{CIRCUM.

ARRANGEMENT Loc. 1| 2 3 4 5 6 7 8
RIM LOCKS ONLY -173 | 1863 340 -191 | -1285 | 1588 3209 -1752
RIGID RIM AND
INTERMEDIATE Locks| 412 | 263 -186 -260 224 | +244 -224 -147
PROTOTYPE RIM LOCK
RIGID INTERMEDIATE | -193 | 941 -250 -227 .78 | +530 +224 +454
LOCKS

FRONT FACE
E + DESIGNATES TENSILE

— DESIGNATES COMPRESSIVE
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8.3.2. Collector Deployment Testing

As presented in Section 4. 2.3, the orbital deployment is actuated by torsion bar
springs at the hinges of each sector. To simulate the zero gravity deployment dy-
namics in the laboratory, a deployment simulation harness was conceived and designed.

8.3.2.1 Deployment Simulation Harness Description

The harness consists of continuous elastic cords around the collector bundle at the
lock locations which, when they expand during deployment, counteract the dead weight
torque of the sectors, thereby simulating only the net effect of the actuating springs.
Figure 8. 3-3 shows the elastic cord arrangement during the calibration and adjust-
ment prior to deployment testing. During harness calibrations, the net static torque
was measured for various deployment positions. The final calibration plot is shown
in Figure 8.3-4. The peaking of the net torque is due to the characteristics of the
available elastic cord combinations. However, the net energy input to the sectors
simulates quite closely the energy input during an orbital deployment.

8.3.2.2 Deployment Test Instrumentation and Procedure

Figure 8.3-5 shows the test setup prior to deployment. The same strain gage arrange-
ment which is shown in the sketch of Table 8.3-1 was used to record surface strains
during deployment. An accelerometer which is sensitive to angular position with
respect to the vertical was used to record displacement vs time.

To also record dynamics and the symmetry characteristics of the deployment, motion
pictures were obtained. A micro-timer is positioned in the picture to provide an ac-
curate time reference.

After final calibration of the deployment harness, the collector bundle is manually
opened approximately seven degrees to position the center of gravity of the sector over
the vertical. A tethering cord is automatically released to initiate the deployment and
data is recorded during the entire sequence.

8.3.2.3 Deployment Test Results

Several preliminary partial deployments were made and two complete deployment tests
were conducted. Figure 8. 3-6 shows the deployment dynamics as measured by the
accelerometer pickup. As mentioned previously, the net energy programmed into

the deployment dynamics by the simulation harness closely matches the orbital deploy-
ment design. However, original estimates of friction, which were 20 - 30%, are seen
to be low. The displacement vs time curve which was calculated for 90% friction fits
the observed data. This means that 90% of the energy input to the deployment is ab-
sorbed as friction while approximately 10% is converted to kinetic energy of motion.
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DEPLOYMENT HARNESS CALIBRATION

FIGURE 8. 3-3
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DEPLOYMENT TEST SETUP PRIOR TO DEPLOYMENT

157 FIGURE 8.3-5




"0ds - INIL

v

\

\\
NOLLOIH 4 %08

L\f

ONIEWRVT
SNOJSIA ON
NOILDIY S %06

IR \
N| g \
0 \ —— v /
o]
S.
] 174
!
,81,\\__ ._ //
\
]
/__.— {— > v /

¢ "ON 1S3l LNFWXOTdIA-qI¥NSVIN O
T "ON IS3L LNIWAOTIIA -~ AFHASYAW 7

AIdNVA NOLLOIHI gNOTA0D - AFLVINDIVY =0

SOINVNXQ LNIWX0TdId HOLDITTOO HIAMOTINAS

0ot

02

0g

oy

0g

09

0L

“Ddd - NOLLISOd HVTINONY

FIGURE 8.3-6

158




The overall deployment time was approximately 9.2 seconds in both deployment tests.
The tail-off between 8 and 9 seconds is due to the locking action.

Motion pictures of the deployments were analyzed and the dynamics compared closely
with that shown in Figure 8.3-6. Some non-symmetry in the deployment action was
observed and is shown plotted in Figure 8.3-7. It is seen that, in general, the deploy-
ment non-symmetry is within 2° of travel for sectors which are directly opposite. This
is approximately a 4.5 inch displacement at the rim which would be 0. 3 inches per
sector for the 15 sectors between the diagonally opposite measured positions., This is
within lock piloting funnel capabilities. (Also see Figure 8. 3-8.)

Stress levels during deployment were calculated from measured strain values and
ranged from 200 psi tension to 200 psi compression during most of the deployment
sequence. Momentary peak values of 750 psi compression were measured at the time
of lock engagement. Based on the observed stress level in the sectors, it is estimated
that they were loaded during deployment between zero stress and one "g" stress condi-
tions. For this reason, the high level of friction previously mentioned can be expected
to be reduced during a true zero "g" deployment.

Observation of the locks after deployment revealed that the collector locks had not
fully detented. It was found that the piloting length of the probe in the detent was too
long for the relative motion which is required near the detenting position. Binding
occurs in the lock, which stopped the deployment motion before final detenting, Dry
film lubricant was applied to the probes during the second deploymer;t test; however,
the final detenting was still prevented by the binding condition. All but one lock
engaged (but did not detent) and this lock would also have engaged if a slightly larger
funnel, such as the one shown in Figure 5.3-5, were used.

The general conclusions drawn from the deployment testing are:
a. Measured high levels of inter-sector friction indicate that viscous
dampers at the hinge are not required. Simple detent locks have been

shown to adequately absorb the stopping loads.

b. The kinematics of the locking action must be studied more closely to
insure a non-binding condition.

c. Deployment symmetry was observed to be satisfactory.

Results of optical inspections which were performed before and after testing will be
presented in Section 8. 3. 4.

8.3.3 _Collector Vibration Testing

Vibration testing of the preprototype collector was accomplished in the TRW test
facility shown in Figure 8.3-9. Tests were conducted in both the stowed and de-
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ployed configurations to evaluate response characteristics of the collector to launch
and orbital transfer vibration environments.

8.3.3.1 Stowed Collector Vibration Tests

The stowed vibration test set-up is shown in Figure 8.3-10. The collector and quadrupod
structure are mounted on an adapter fixture to the C-210 vibration exciter. To best
simulate the launch environment, the lower mounting ring is hard mounted to the fixture
to simulate the bottomed-out condition of the mounting ring isolators under the 10 "g"
launch acceleration loading.

Tests were conducted at a frequency sweep rate of 1.4 octaves per minute in progres-
sively higher "g" level surveys. Accelerometer data at various locations were re-
corded and motion pictures were taken at times of resonance. Input vibration control
of the exciter was based upon the highest of four control accelerometers located on the
fixture mounting pads.

The plot in Figure 8. 3-11 shows the profile of the actual maximum input level vs fre-
quency which was conducted on the stowed preprototype collector. It is seen that in
several areas of the frequency spectrum, the specification environment (see Figure

4. 2-2) was not met while in other areas it was exceeded. This is due to the control
characteristics of the system which prevented accurate input control at points of
resonance or high power levels. With the exception of these points, the revised speci-
fications were imposed.

As mentioned previously (Section 4. 2. 2), the vehicle vibration inputs to the mounting
points of the Sunflower system can be amplified or damped by the response character-
istics of the quadrupod and structural mounting rings. Measured transmissive
characteristics of the structure and rings are shown in Figure 8.3-12. These curves
represent the response of the structure and rings to the input spectrum shown in
Figure 8. 3-11, and they are actually the input vibrations to the honeycomb sandwich
sectors. The stacking ring, which is vibration isolated and structurally damped (see
Section 5, 3. 6), is seen to have a much lower transmissive characteristic. These
represent the longitudinal or axial vibration inputs to the sectors; however, lateral
vibrations were also observed as response characteristics and will be shown for com-~
parison in the following plots.

Figures 8. 3-13 and 8. 3-14 show the honeycomb sectors mid span response to the
measured vibration condition at the mounting ring. It can be seen that the vibration is
highly damped in the axial direction. In the lateral direction (see Figure 8. 3-14), the
vibration is not as highly damped and in some cases amplification occurs.

Points of resonance which were observed and identified are listed in Table 8. 3-2. Ap-
proximately fourteen additional minor resonant points were observed over the fre-
quency range; but, as might be expected for such a complex structural arrangement,
they could not be specifically identified.

163



EATIN
Serm
LABORAT]

STOWED COLLECTOR VIBRATION TEST INSTALLATION

164 ’ FIGURE 8.3-10



0002

TIAIT udu (LOAND TVALOY

SdO - XONINdDIYI

0001 9 ¥ z 00T 8 9 ¥ 4 0T 8 9 4 4 0°1
1°0
3Z/1-)] 3¢ mm dg wmmm 37 3z .q&z«._d INdNI| TYNINON
1 T NI 9°0
11-01 6 8 6 g L] ¢ ST ‘ON NAY¥ IS3AL
/
01
\lL;
v
1 KA
_ Vv w |
vy
0°01

(7 10 18d9) AVd DNLLNAOW ININOAWOD LV STIATT uD, LNdNI IVALOV J0 ITII0Ud
£9-11-¢ ANV £9-8-¢ ‘LSAL NOILVHLIA NOLLVHNDIINOD AAMOLS - HOLOZTIOO HIMOTINAS

THAAT udu

FIGURE 8,3-11

165




STRUCTURAL SUPPORT RINGS, MID SPAN TRANSMISSIBILITY
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TABLE 8. 3-2

STOWED VIBRATION RESONANCE POINTS

Resonant 2
2 . =1 g
) Member Description 3 )
g wm Direction of 5 &
& R Type of . 0 %o Q Mode
o O Primary 0 ¢ /b
~ Resonance o . T Description
R Resonant M %
Location Amplitude s
8 Minor Sector Tip Tangential | 2 Axial| 1 Tang. Bundle
Twisting
23 Major Mounting Axial 1.4 151 Mounting
Ring Mid Axial | Axial Ring
Span Flexural
Resonance
50 Major Stacking Axial 5.4 31 Stacking
Ring Mid Axial | Axial Ring Isolators
Span Natural
Frequency
77.5 Major Mounting Axial 5.6 247 Mounting
Ring Mid Axial | Axial Ring Flexural
Span Resonance
92.5 Major Sector Tip Axial, 5.5 48,4 Sector
Lateral, Axial | Axial Flexural
and 47.2 Resonance
Tangen- Tang.
tial 38. 4 Lat-
eral
175.5 Major Mounting Radial 5 200 Mounting Ring
Ring Mid Axial | Radial Extensional
Span Resonance
520 Major Sector Mid Lateral 8.4 33.2 Sector
Span Axial | Lateral Fluxural
Resonance
730 Major Sector Tip Axial 7.5 48.4 Sector
Axial | Axial Flexural
Resonance
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In general, the honeycomb sectors response followed the response of the quadrupod
and support rings with isolation and damping over the full frequency spectrum.

8.3.3.2 Deployed Collector Vibration Tests

The deployed vibration test set-up is shown in Figure 8.3-15. The collector was

opened and locked while in place on the exciter fixture. The auxiliary support stands
which were used for support during opening and lock assembly were pulled back during
vibration testing so that the deployed collector was supported only at the center mounting
ring. This position combines the orbital transfer environments of one "g" acceleration
and the vibration spectrum. Vibration isolators were added to the mounting ring at the
mounting pad locations and the tests were conducted similar to the stowed vibration test
procedure.

Figure 8. 3-16 shows the profile of actual maximum input level which was conducted on

the deployed preprototype collector configuration. Again, certain portions of the spectrum
were limited by resonances and control capabilities. Also shown in Figure 8. 3-16 are

the measured response of the mounting ring. It is seen that the isolators damped the
vibration in the higher frequency range; however, at the low frequencies, the structural
response of the ring produces generally high amplifications of the motion at mid-span.
This displays the need for visco-elastic structural damping and additional supports in
subsequent mounting ring designs.

Typical honeycomb sector response is shown in Figures 8.3-17 and 8.3-18. 1t is seen
that the honeycomb sandwich material and lock connections produced a general damping
characteristic which improved at the collector rim.

The structural response of the honeycomb sectors was monitored by dynamic strain
gage measurements at various locations, Typical cyclic stresses at frequencies where
apparent large amplitude sector flexure occurred is shown in Table 8. 3-3.

This stress is the variation about the dead weight stresses shown in Table 8. 3-1 for
the prototype rim lock-rigid intermediate lock case. These stresses were observed
to cycle about the dead weight stress at the frequency of the base input vibration.

It is seen that the highest stresses occur at the low frequencies. For this reason and
since the low frequency vibration specification for the deployed orbital environment is
not well defined, higher "g" levels at low frequencies were not attempted. The two
other areas where "g" level inputs were reduced (see Figure 8. 3-16) are 30 cps due to
the mounting ring flexural resonance and approximately 150 cps due to power and con-
trol limitations of the C~210 excitor. During the deployed collector vibration testing,

a fastener pull-out failure occurred at approximately 2g, 13 cps. The two intermediate
lock bonded-in fastener inserts on sector number 11 failed by pulling out of the honey-
comb sandwich material. The prototype lock connection was not damaged and the col-
lector came to rest on the auxiliary support stands which were about six inches below.
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VIBRATION TEST, 3-14-63 TO 3-16-63

SUNFLOWER COLLECTOR - DEPLOYED CONFIGURATION
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Upon close examination of the failed fasteners, it was found that the inserts had been
bonded improperly; that is, adequate filling of the adjacent core cells had not been ac-
complished. The sector was repaired and placed back in the assembly and testing was
continued. The point at which the failure had occurred was re-run with no structural
damage.

8.3.4 Optical and Structural Effects of Environmental Testing

8.3.4.1 Effects of Dead Weight Structural Testing

Typical results of grid-screen optical inspections comparing dead weight deflected
shapes of rigid vs preprototype lock conditions is shown in Figure 8.3-19. The ab-
solute slope difference between the two curves is shown plotted in Figure 8.3-20. I
this difference is considered to be the effect of the detenting locks upon the deployed
position shape under a one "g" environment, then this plot can be extrapolated to the
orbital environment specification of 0. 001 "g" to estimate the level of possible geometric
deviation due to deployment errors. This extrapolation has been plotted in Figures
7.4-1 and 7, 4-2 for general comparison with other types of deviations.

8.3.4.2 Effects of Deployment and Vibration Environments

Figure 8.3-21 shows typical results of comparison optical inspections which were ob-
tained from the preprototype collector. Slope changes from these comparisons are
shown in Figure 8. 3-22. Other sectors which were inspected show similar difference
values.

It can be seen from these figures that the general waviness of the sector is not greatly
affected, but that the gross deflection of the sectors is changing. Also, the deviations
are very small near the collector rim where the preprototype lock is the restraining
element. These factors indicate that the primary cause of the observed gross shape
changes is due to the variation imposed by the intermediate strap lock bending and
fastener hole clearance.

To obtain an indication of any optical changes in the honeycomb sectors themselves,
the difference in waviness before and after environmental testing as referenced to the
general shape is shown plotted in Figure 8. 3-23.

As anticipated from visual observations, the honeycomb sectors shape change due to
environmental testing is very small. Although an accurate indication of the effect of
prototype locks upon the total paraboloid shape could not be obtained due to the limited
design scope and test objectives, it is believed that these changes would also be small
as indicated by the previously mentioned small deviations at the collector rim.

Visual inspections of the collector were also made before and after testing to observe
any deviations or structural damage which might not be apparent from optical in-
spections. Damage was observed in the form of skin peels where the adhesive bond to
the core had failed. Only 1/3 % of the collector surface areas showed this type of
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damage, of which less than half was on the optical face. The majority of the observed
damage is due to increases in skin peel in areas which were originally peeled, indicating
the need for rigid fabrication process control to eliminate weak or completely unbonded
areas. Only one sector showed damage in the torsion bar area. This was in the form
of skin peeling on the optical face and is believed to have been a fabrication quality
problem, since none of the other sectors showed this local peeling condition.

One other form of damage which was observed was abrasion between sectors. After
deployment testing, abrasion was apparent on the overlapping portions of adjacent
sectors but was caused primarily by the deployment harness calibration technique which
required many opening and closing cycles.

Abrasion was also observed on contacting edges of adjacent stowed sectors and at stack-
ing ring locations on each sector due to the relative motion of these parts during vibration
testing. Optical surface areas which are involved are small; however, local abrasion
padding for both deployment and stowed vibration should be considered in future designs.

In general, no major structural damage was observed during environmental testing.
The deviations which were encountered can be eliminated by adequate process and
quality control. Optical effects which were observed have been incorporated into the
overall geometric quality presentation of Section 7. 4.
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9.0 CONCLUSIONS

Considerable advancement in solar collector technology and fabrication state of the art
has been accomplished during the Sunflower solar collector development program. Col-
lector inspection and test methods have been established as well as analytical procedures
to directly utilize this information.

It has been established by test data and correlated by optical inspection results that the
normal probability distribution model of surface deviations is more accurate than other
models which have been discussed in the literature for paraboloidal concentrators.

Although the preprototype collector was not intended as a high optical quality design, a
standard surface deviation of less than 1/2° has been demonstrated in single panel per-
formance tests. Based upon the knowledge obtained during the development program, a
standard deviation of 1/4° including estimated environmental errors can be attained in
a prototype design.

The structural integrity of the adhesive bonded aluminum honeycomb sandwich con-
struction used in the Sunflower concentrator has been established as well as the oper-
ability of deployment concept in a full size configurafion.

Fabrication techniques and tooling concepts have been evaluated and critical factors
have been defined. Vacuum deposition processes have been established for the Sun-
flower collector as well as quality control requirements to obtain a mirror surface.

Many problem areas remain before all the requirements of weight, optical performance,
and strength can be attained in a flight-ready concentrator; however, a reliable basis
for prototype collector design has been established.

Although much detailed investigation remains before reliability can be verified, the
development work performed during this program demonstrates conclusively the
feasibility of producing and utilizing large, light weight, foldable solar concentrators
for space power conversion systems.
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10.0 RECOMMENDATIONS

Utilization of the technology derived from the Sunflower solar collector development
program can be accomplished by a continued development effort. Such an effort would
result in a completely performance-tested and system-integrated solar power conversion
component,

The following three phase program of investigation and development is recommended:

a.

Phase 1. — Developmental Refinements and Tests. This phase is essentially

the design period for the prototype collector. Analysis, fabrication, and

test information which was obtained during the preprototype collector develop-
ment would be supplemented by detailed investigation of several specific problem
areas, i.e., stretch forming, surface coatings for higher specularity, and sili-
con oxide stabilization. Also included would be environmental compatibility
testing of silicon oxide, structure temperature cycling, and thermal distortion
testing.

Phase 2. — Full Size Sector Fabrication and Performance Tests. Single
sectors would be fabricated to the design and specifications established during
Phase 1, These sectors would then be performance-tested using the existing
single panel test rig. In this way, the prototype design would be performance
evaluated before fabrication of the complete collector.

Phase 3 — Prototype Collector Fabrication and Performance Tests. The
complete full size prototype collector would be fabricated, inspected, and
performance-tested. The West Coast test facility would be utilized for
complete collector and collector-receiver performance evaluation. The
experimental data obtained would provide the information needed for con-
clusive correlation of optical inspection results and analytical techniques
for accurate prediction of collector-receiver performance in a space power
system application.

A detailed presentation of this recommended continuation of the Sunflower solar collector
development program will be found in "Followon Sunflower Solar Collector Program"
(TRW ER-5257, March 1963).
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NOMENCLATURE

Aa = Receiver aperture area, ft2

Ac = Concentrator intercepted area, ft2

As = Receiver interior surface area

asa = Apparent absorptivity of receiver aperture to concentrated solar
radiation.

acs = Absorptivity of receiver surface to concentrated solar radiation

(while surface is at temperature Ts)

a ¢ = Absorptivity of receiver surface to thermal radiation from other
¢ areas of receiver (while surface is at temperature Ts)

CR = Area concentration ratio, (D/ da)2
D = Outside diameter of concentrator
d = Paraxial image diameter
da = Receiver aperture diameter
Fr = Heat loss factor for receiver
f = Focal length of concentrator
() = Function of
F() = Function of
G() = Function of
\ Qc = Heat rate into conversion device, BTU/hr
Qi = Intercepted solar flux, BTU/hr
q = Solar censtant at earth radius, BTU/hr. Ft.2
R = Reflectivity (hemispherical) concentrator surface to solar
radiation.
r = Radial distance in focal plane



Temperature of receiver surface, °R
Solar disc angle, 32'
Absorptivity of concentrator materials to sclar radiation

Translation of concentrator surface away from true mathe-
matical surface, in.

Concentrator efficiency factor

Concentrator geometric efficiency factor

Combined concentrator-receiver efficiency factor
Conversion device efficiency factor

Receiver efficiency factor

Overall conversion system efficiency factor

Rim angle, degrees

Wavelength of honeycomb core mark-off

Ratio of time per orbit period that receiver radiation through
aperature occurs to the sun time per orbit period.

Angular location on concentrator rim, degrees

Stefan-Boltzman constant 0,174 x 10-8 %
Ft hr.°R

Standard deviation of concentrator surface slope errors

Surface slope error at concentrator surface, degrees

Misorientation angle of concentrator optic axis from center of
solar disc, degrees,

Paraxial concentrator efficiency
Diameter of nominal ray scattering circle

Emissivity
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Temperature

Vibration acceleration level at the base of the collector
Vibration acceleration response at the mounting ring mid span
Vibration acceleration response at the stacking ring mid span

Temperature differential
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